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PREFACE 



The tide Engineering Materials Science concisely describes the contents of 
this book and reflects its point of view. Long before there was a science to 
characterize them, man-made engineering materials were used for structural 
applications, to ease the drudgery of existence, and to enrich life. It was only 
in the late 1 9th century that scientific methods allowed a better understanding 
of engineering materials already in use for millennia. The result was improve- 
ment in their properties and more reliable ways of producing them. But science 
constantly advances, and it was not long before totally new materials like 
polymers, nuclear materials, semiconductors, and composites — and innovative 
ways to process and characterize them — were developed. Today, materials 
engineering and science advances are more closely synchronized. Often, how- 
ever, science surges ahead, as with the discovery of high- temperature supercon- 
ductors, making it necessary to establish engineering goals for their exploita- 
tion. Conversely, engineering progress frequently raises scientific questions that 
must be answered to advance the state of the arc, for example, in the manufac- 
ture of integrated circuits. As reflected in the book’s title, these divisions between 
the science and the engineering are often blurred and sometimes seamless. 

This book has three broad objectives and missions. The first is to present 
a panoramic sweep of the materials field in order to frame it within the borders 
of the larger scientific and engineering disciplines. By introducing the vocabu- 
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lary of materials, the way they are characterized, and the concerns involved 
in producing myriad reliable products from them, I hope to foster a cultural 
appreciation of the role materials play in technology and society. 

The second is to use the subject of materials as the vehicle for connecting 
the prior freshman/sophomore science courses to the engineering courses that 
follow. Because the materials field lies at the interface between the science and 
engineering disciplines, it is admirably suited to serve as the connection in 
engineering curricula. Therefore, the book aims to expose the practical implica- 
tions of abstract scientific formulas, to provide realistic limits to ideal models 
and systems, and to bolster the engineering design process. The transition from 
theory to practice is evident in the many practical applications presented. 

Finally, I have attempted to better prepare those of you who will grapple 
with day-to-day materials problems in your professional engineering careers. 
The issues will most likely involve designing the properties needed for a particu- 
lar component or application, selecting the best material for the job, choosing 
a manufacturing process to make it, and analyzing why it failed or broke in 
service. You may then find, as I have, that virtually every engineering problem 
is ultimately a materials problem. The best preparation for confronting prob- 
lems that materials pose is a thorough grounding in the scientific fundamentals 
that underscore their nature. These invariant principles are also the basis for 
developing totally new materials and addressing the host of future challenges 
and opportunities they present. 

This book is intended to be an introductory text for engineering undergradu- 
ates of all disciplines. The only prerequisites assumed are typical preengineering 
courses: freshman chemistry, physics, and mathematics. The introductory chap- 
ter, which I hope will not be glossed over, defines the roles of materials within 
broad engineering and societal contexts. Chapter 2 provides a modern view 
of the electronic structure of solids and how atoms are bound in them. The 
physical structure or location of atoms in the important engineering sol- 
ids — metals, polymers, ceramics, and semiconductors — is the primary subject 
of Chapters 3 and 4. Minimization of energy and the consequences of thermody- 
namic equilibrium are overriding constraints that govern the stability of mate- 
rial systems. They are dealt with in Chapter 5, while its companion, Chapter 
6, is concerned with time-dependent processes involving atom movements 
that enable structural and chemical modification of materials. The scientific 
underpinning provided by Chapters 2-6 is part of the core subject matter that 
will, to a greater or lesser extent, be part of the syllabus of all introductory 
materials courses. 

Chapters 7-10 are devoted to the mechanically functional materials — their 
properties and behavior, how they are processed, how they can be strengthened 
and toughened, and how they degrade and fail in service. Similarly, Chapters 
11-15 focus on the behavior, processing, and reliability of electrically , opti- 
cally, and magnetically functional materials and devices. The properties and 
performance of these electronic materials are a testament to the exploitation 




PREFACE 



XV 



of their structures through highly controlled processing. These last nine chapters 
present two broad avenues of occasionally linked engineering applications. 

It is customary for textbooks to include more material than can be covered 
in a one-semester course, and the same is true here. This should enable instruc- 
tors to tailor the subject matter to courses with different student audiences. 
Importantly, it will allow interested readers to explore topics that range beyond 
the confines of the course syllabus. Regardless of the intended student popula- 
tion, however, the book emphasizes fundamentals. Frequently, the focus is on 
a single class of materials that display unique properties, but just as often 
properties of different materials are compared. Therefore, “all you ever wanted 
to know about ceramics” will not be found in a single chapter but is distributed 
throughout several relevant chapters. The same is true for metals, polymers, 
and semiconductors. This comparative approach enables parallels in material 
behavior to be recognized amid clear differences in their individual natures. 
Conversely, it allows important distinctions among outwardly similar behaviors 
to be made. The continual juxtaposition of microscopic and macroscopic points 
of view sharpens and illuminates these issues. Thus, at times (microscope-like) 
examination of phemomena at atomic and even subatomic levels is required, 
but often the unaided eye is fully capable of discerning and analyzing bulk 
(macroscopic) material behavior. Throughout I have tried to promote the 
subject matter and above viewpoint in as lively a manner as possible. 

More than 80 illustrative examples are fully worked out in the text. In 
addition there are over 500 problems and questions for student assignments 
dealing with analysis, materials design, and materials selection. Answers to a 
selected number of problems are also included. 

The copyrighted interactive software that accompanies this book contains 
modules on different materials topics and is both computationally and graphi- 
cally oriented. It runs on IBM-compatible computers and, once learned, can 
help solve many numerical problems presented in this as well as other texts 
on the subject. 
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INTRODUCTION TO MATERIALS 
SCIENCE AND ENGINEERING 



1.1, MATERIALS RESOURCES AND THEIR IMPLICATIONS 




I . 1.1 . A Historical Perspective 

The designation of successive historical epochs as the Stone, Copper, Bronze, 
and Iron Ages reflects the importance of materials to mankind. Human destiny 
and materials resources have been inextricably intertwined since the dawn of 
history; however, the association of a given material with the age or era that 
it defines is not only limited to antiquity. The present nuclear and information 
ages owe their existences to the exploitation of two remarkable elements, 
uranium and silicon, respectively. Even though modern materials ages are 
extremely time compressed relative to the ancient metal ages they share a 
number of common attributes. For one thing, these ages tended to define 
sharply the material limits of human existence. Stone, copper, bronze, and 
iron meant successively higher standards of living through new or improved 
agricultural tools, food vessels, and weapons. Passage from one age to another 
was (and is) frequently accompanied by revolutionary, rather than evolution- 
ary, changes in technological endeavors. 

It is instructive to appreciate some additional characteristics and implications 
of these materials ages. For example, imagine that time is frozen at 1500 bc 
and we focus on the Middle East, perhaps the world’s most intensively exca- 
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vated region with respect to archaeological remains. In Asia Minor (Turkey) 
the ancient Hittites were already experimenting with iron, while close by to 
the east in Mesopotamia (Iraq), the Bronze Age was in flower. To the immediate 
north in Europe, the south in Palestine, and the west in Egypt, peoples were 
enjoying the benefits of the Copper and Early Bronze Ages. Halfway around 
the world to the east, the Chinese had already melted iron and demonstrated 
a remarkable genius for bronze, a copper-tin alloy that is stronger and easier 
to cast than pure copper. Further to the west on the Iberian Peninsula (Spain 
and Portugal), the Chalcolithic period, an overlapping Stone and Copper Age 
held sway, and in North Africa survivals of the Late Stone Age were in evidence. 
Across the Atlantic Ocean the peoples of the Americas had not yet discovered 
bronze, but like others around the globe, they fashioned beautiful work in 
gold, silver, and copper, which were found in nature in the free state (i.e., not 
combined in oxide, sulfide, or other ores). 

Why materials resources and the skills to work them were so inequitably 
distributed cannot be addressed here. Clearly, very little technological informa- 
tion diffused or was shared among peoples. Actually, it could not have been 
otherwise because the working of metals (as well as ceramics) was very much 
an art that was limited not only by availability of resources, but also by cultural 
forces. It was indeed a tragedy for the Native Americans, still in the Stone Age 
three millennia later, when the white man arrived from Europe armed with 
steel (a hard, strong iron-carbon alloy) guns. These were too much of a 
match for the inferior stone, wood, and copper weapons arrayed against them. 
Conquest, colonization, and settlement were inevitable. And similar events have 
occurred elsewhere, at other times, throughout the world. Political expansion, 
commerce, and wars were frequently driven by the desire to control and exploit 
materials resources, and these continue unabated to the present day. 

When the 20th century dawned the number of different materials controlla- 
bly exploited had, surprisingly, not grown much beyond what was available 
2000 years earlier. A notable exception was steel, which ushered in the Machine 
Age and revolutionized many facets of life. But then a period ensued in which 
there was an explosive increase in our understanding of the fundamental nature 
of materials. The result was the emergence of polymeric (plastic), nuclear, and 
electronic materials, new roles for metals and ceramics, and the development 
of reliable ways to process and manufacture useful products from them. Collec- 
tively, this modern Age of Materials has permeated the entire world and 
dwarfed the impact of previous ages. 

Only two representative examples of a greater number scattered throughout 
the book will underscore the magnitude of advances made in materials within 
a historical context. In Fig. 1-1 the progress made in increasing the strength - 
to-density (or weight) ratio of materials is charted. Two implications of these 
advances have been improved aircraft design and energy savings in transporta- 
tion systems. Less visible but no less significant improvements made in abrasive 
and cutting tool materials are shown in Fig. 1-2. The 100-fold tool cutting speed 
increase in this century has resulted in efficient machining and manufacturing 
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Chronological advances in the strength-to-density ratio of materials. Optimum safe load-bearing capacities 
of structures depend on the strength-to-density ratio. The emergence of aluminum and titanium alloys 
and, importantly, composites is responsible for the dramatic increase in the 20th century. Reprinted with 
permission from Materials Science and Engineering for the 1 990s. Copyright 1 989 by the National Academy 
of Sciences. Courtesy of the National Academy Press, Washington, D.C. 

processes that enable an abundance of goods to be produced at low cost. 
Together with the dramatic political and social changes in Asia and Europe 
and the emergence of interconnected global economies, the prospects are excel- 
lent that more people will enjoy the fruits of the earth’s materials resources 
than at any other time in history. 



The United States has an enormous investment in the scientific and engineer- 
ing exploitation of materials resources. A very good way to visualize the scope 
of this activity is to consider the total materials cycle shown in Fig. 1-3. The 
earth is the source of all resources that are mined, drilled for, grown, harvested, 
and so on. These virgin raw materials (ores, oil, plants, etc.) must undergo a 
first level of processing that involves extraction, refining, and purification. Bulk 
quantities of metals, chemicals, fibers, and other materials are then made 
available for further processing into so-called engineering materials like alloys, 
ceramics, and polymers. In converting bulk materials into engineering materials, 
we give them extra worth or added value. Cheap bulk materials in relatively 
simple form (e.g., ingots, powder) and large tonnage are thus transformed into 
more costly products that have more desirable compositions or higher levels 
of purity or more convenient shapes. Next, further processing, manufacturing, 
and assembly operations are required to create the finished products that we 
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FIGURE 1-2 




Increase in machining speed with the development over time of the indicated cutting tool materials. 
Adapted from M. Tesaki and H. Taniguchi, High speed cutting tools: Sintered and coated, Industrial 
Materials 32, 64 ( 1 984). 



use, such as cars, computers, consumer electronics, machine tools, sporting 
goods, and structures. Value, often considerable in magnitude, is again added 
to the product. These goods are used until either they cease to function because 
of degradation or failure (corrosion, mechanical breakage, etc.) or they become 
obsolete because of the appearance of new, more efficient, and cheaper models. 
At this point they are discarded as junk. In the past they became part of the 
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world’s garbage dumps, completing the cycle. Today it is increasingly more 
common to recycle these junked articles and reclaim the valuable materials 
contained within them. Not only is this cost effective, but the environmental 
imperatives are obvious. Short-circuiting the total materials cycle through re- 
cycling is not new. It has been practiced since antiquity for the precious metals, 
and for centuries in the case of copper alloys and steel. 

The right side of Fig. 1-3 defines the special arena of materials science and 
engineering; aside from a few issues discussed in this chapter the remainder 
of the book is concerned with this same area of activity. 



1.1. 3. Materials, Energy, and the Environment 

Exploitation of materials resources has an impact on the other resources of 
the earth. As Fig. 1-4 suggests, materials, energy, and the environment are the 
broad natural resources used by humans to fashion their way of life. The 
complex triangular interactions among these resources, mediated by govern- 
ments, serve to encompass and limit all human industrial activities. An interest- 
ing historical example of this interplay that occurred between 1450 and 1600 
in England (and elsewhere in Europe as well) led to the great Timber Famine. 
The confluence of several factors — voyages of discovery with large-scale build- 
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FIGURE 1-3 



The materials cycle. Reprinted with permission from Materials and Man’s Needs . Copyright 1975 by the 
National Academy of Sciences. Courtesy of the National Academy Press, Washington, D.C. 
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FIGURE 1-4 



Interactions among materials, energy, and environmental resources. 



ing of wooden ships outfitted with iron and bronze armaments, the huge 
demand for books (and paper) following the invention of printing with movable 
type, and the general rise in living standard during the Renaissance — created 
an insatiable demand for both metals and energy. Charcoal, produced from 
wood, was the major source of this energy. Iron production was grossly ineffi- 
cient in terms of energy usage: One ton of product required 200 cords of 
wood! Before long, large forest tracts fell to the ax. Deserts were created and 
they spread in Spain and North Africa. Salvation for this crisis came only with 
the use of an alternative source of energy, namely, coal. 

A current example of resource interactions involving production of copper 
is instructive. The concentration of copper in exploitable ores in the United 
States has fallen to less than 0.6%. To produce -T.7 x 10 6 tons (1.55 x 10 9 
kg) of refined copper (the annual need), about one billion tons of rock must 
be excavated. If piled 100 ft (30 m) high, this mass would cover some 6.5 
square miles (16.8 km 2 ). In addition, 220 X 10 12 BTU (2.32 x 10 11 MJ), or 
about 0,2% of the nation’s total energy consumption, is required. Lastly, 
3,3 X 10 6 tons of slag and 3.5 x 10 6 tons of sulfur dioxide gas are produced, 
adversely affecting the environment. 

Additional important and sobering information on our materials resources 
is found in Table 1-1, Fig. 1-5, and Table 1-2. These deal with the potential 
availability of the elements, their geographic distribution, and the energy re- 
quired to extract them. The most abundant elements in the earth’s crust are 
listed in Table 1-1. An often asked question is: How long will a given resource 
last? This of course depends on the rate at which it is being consumed. Some 
materials are presently being consumed at an exponential rate. 

The United States’ reliance on imported raw materials is depicted together 
with sources of supply in Fig. 1-5. Each nation has its own list of materials it 
must import. Included are many critical metals that act like vitamins to 
strengthen steel and other alloys used in tools and dies, jet and rocket engines, 
assorted machinery, and processing equipment. 

Table 1-2 lists the amounts of energy required to produce a number of 
materials. The data are most complete for metals produced from either oxide 
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ABUNDANCE (WEIGHT PERCENT) AND DISTRIBUTION OF ELEMENTS ON EARTH 



TABLE 1-2 



Crust 




Seawater 




Atmosphere 




Oxygen 


47 


Oxygen 


85.7 


Nitrogen 


79 


Silicon 


27 


Hydrogen 


10.8 


Oxygen 


19 


Aluminum 


8 


Chlorine 


1.9 


Argon 


2 


Iron 


5 


Sodium 


1.05 


Carbon dioxide 


0.04 


Calcium 


4 


Magnesium 


0.127 






Sodium 


3 


Sulfur 


0.089 






Potassium 


3 


Calcium 


0.040 






Magnesium 


2 


Potassium 


0.038 






Titanium 


0.4 


Bromine 


0.0065 






Hydrogen 


0.1 


Carbon 


0.003 






Phosphorus 


0.1 


Strontium 


0.0013 






Manganese 


0.1 


Boron 


0.00046 







Fluorine 0.06 

Barium 0.04 

Strontium 0.04 

Sulfur 0.03 

Carbon 0.02 



J The total mass of the crust to a depth of 1 km is 3 x 10 21 kg; the mass of the oceans is 10 20 
kg; that of the atmosphere is 5 x 10 18 kg. 

From M. F. Ashby and D. R. Jones, Engineering Materials 1: An Introduction to Their Properties 
and Applications , Pergamon Press, Oxford (1980). 

PROCESS ENERGY FOR MATERIALS PRODUCTION 





Energy in 


10* BTU per ton 




Process 


Theoretical 


Efficiency 


From-Scrap 


energy 7 


energy b 


<*>' 


energy^ 



Titanium 


359 


16.0 


4.4 




Magnesium ingot 


339 


20.1 


5.9 


10 


Aluminum ingot 


197 


25.2 


12.8 


12 


Nickel 


89 


3.1 


3.5 


15 


Copper 


48 


1.8 


3.7 


18 


Zinc 


48 


4.2 


8.7 


18 


Steel slabs 


22 


5.7 


26.0 


13 


Lead 


18 


0.8 


4.4 


10 


Silicon 


74 


25.1 


34 




Polyethylene (high density)* 


23 








Polyethylene (low density)* 


46 








Glass* 


15 









a Based on data from Battelle— Columbus Laboratories. The process energy is for oxide ore reduc- 
tion to metal. Mining and ore beneficiation are not included. 
b The theoretical energy is the free energy of oxide formation (see Section 5.2.1.). 
c Percent efficiency = (theoretical energy /process energy) x 100. 
d Industrial estimates. 

* Polymer and glass process energies are based on Stanford Research Institute estimates. 

Source: All data except for that in bottom three rows from H. H. Kellogg, Journal of Metals , 
p. 30 (Dec. 1976). 
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FIGURE l-S 



U.S. reliance on imported raw materials and the countries that supply them. Included are metals critical 
to defense needs and aerospace industries. Data adapted from U.S. Bureau of Mines. 



ores or scrap. Actual process energies are compared with theoretical amounts 
needed assuming 100% efficiency. Note that immense amounts of energy are 
required to reduce aluminum oxide to aluminum metal, a fact reflected by 
siting smelters near sources of cheap hydroelectric power. Another interesting 
example in this regard is silicon, one of the most abundant elements on earth. 
The energy figure given in Table 1-2 is for the production of metallurgical- 
grade silicon. For making semiconductor chips, however, electronic-grade sili- 
con (EGS) possessing extraordinary purity is required, and this means addi- 
tional large expenditures of energy. It has been estimated that 620 kilowatt 
hours (kWh) of energy is required to produce 1 kg of bulk EGS. As 1 kWh = 
3413 BTU (3.60 MJ), on a one-ton basis this translates to 1920 x 10 6 BTU. 

An important lesson learned from Table 1-2 is that substantial energy savings 
can be realized when metal scrap is remelted. Recycling offers a very satisfying 
and necessary way to conserve our precious materials and energy resources in 
an environmentally acceptable manner. This is particularly true for polymers, 
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which are a latecomer to recycling technology. The following example illus- 
trates the potential energy savings resulting from recycling aluminum. 




a. Assuming A1 has an average heat capacity of 25 J/moMC (law of Dulong 
and Petit}, latent heat of fusion of 10.8 kj/mol, and melting point of 660°C, 
what is the minimum energy required to melt I ton of recycled aluminum 
beverage cans? 

b, What is the minimum energy required to reduce AKQ* to Al? 

ANSWER a. On a 1-mol or 27-g basis, the energy £ absorbed in heating Al 
from 25°C to 660°C is £ = 25 J/mol -K x (660°C - 25°C) = 15,9 kj/mol 
To this, 10,8 kj must be added for melting, yielding a total of 26,7 kj/mol 
One ton is equal to 2000 lb x 454 g/lb = 9,08 x 10 5 g. Therefore, heating 
and melting I ton of Al require 26,7 kj/mol x (9,08 X 10^ g/27 g/mol) - 
8.98 x 10 s kj (8.50 X 10 s BTU). 

b. Some elementary chemistry texts address such problems. Reference to 
Fig. 5-2 can provide additional understanding. The chemical (free) energy 
involved in reducing A1 2 Oj by the reacrion 

I Al 2 Oi = i A! + 0 2 

to make i mol of virgin Al is about 250 kcal when referred to 298 K. This 
corresponds to 785 kj/mol or 2.64 x 10 kj/ton (25 X 10 6 RTU/ton). Thus, 
only about (8.98 x JO' kj/ton)/ (2,64 x I0 7 kj/ton) x 100 - 3.4% of the 
energy required to create Al from ore is needed to produce it by melting scrap. 

In practice these estimates are somewhat optimistic and more energy is 
required to produce Al from scrap.. Rather than 3.4%, 6% is more realistic, 
but even this amount represents dramatic savings. 



Not only is energy consumed to produce materials, but it takes energy to 
make convenient sources of energy! The solar cell is a case m point. 




The energy required to produce a complete solar cell module is estimated 
to be 2170 kWh per square meter. How long wall it take to recover this energy 
if an average of 1 kW of solar power falls on each square meter of earth? 
Assume that the solar panel operates only 5 hours a day, is 12% efficient, and 
has an area of 1 m 2 . 

ANSWER In 1 day the amount of solar energy converted into electrical energy 
is I kW x 5 h x 0J2 “ 0.6 kWh. Therefore, the number of days required is 
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2170 kWh/0.6 kWh/day = 3617 days. The module must operate almost 10 
years before it recovers the energy used for its production. 

Similar material-energy budgets must be considered for other energy genera- 
tion strategies. 



1.2. MATERIALS AND ENGINEERING 

L2. 1 . Materials-Design-Processing 

Engineers must integrate the triad of terms shown in Fig. 1-6 to create 
reliable manufactured or fabricated goods. It is important to stress that these 
factors must be optimally integrated, simultaneously. Good designs of compo- 
nents and systems are defeated if fabrication is impractical or if the wrong 
materials are selected. Aside from misuse and natural catastrophes, virtually 
all examples of failure in structures, machine components, consumer goods, 
and so on are attributable to faults in, or a lack of optimization of, one or a 
combination of factors related to design, processing, or materials properties. 
Spectacular examples of failure caused by all three contributing factors occurred 
on all too many of the 5000 welded steel merchant ships during the Second 
World War. A dozen ships actually broke in half, like that shown in Fig. 1-7; 
another 1000 sustained cracks of varying severity. This damage was not the 
result of enemy attack but rather occurred in cold seawater, sometimes while 
the ships were moored at dockside. Square bulwark plates that acted as stress 
concentrators were deemed to constitute poor design. Misplaced weld strikes 
and insufficient weld penetration initiated cracks, exposing processing defects. 
Lastly, and most importantly, the steel material selected had insufficient tough- 
ness and displayed a fatal tendency to fracture in a brittle manner at slightly 
cool water temperatures. 

Much more is at stake than the embarrassment of engineers who have 
assured us of the safety of their designs. Loss of life, the legal implications of 
product liability, and failure to compete in the marketplace are the legacies of 




FIGURE 1-6 



Interactions among materials, design, and processing in manufacturing. 
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II 




FIGURE 1-7 



Tanker that broke in two at dock, viewed from port side. U.S. Coast Guard photograph. 



not confronting the subtle issues of materials selection, properties, quality, 
and reliability. 

1 .2.2. Processing-Structure-Properties-Performance 

It is now popular to subdivide the content of the discipline of materials 
science and engineering into four major themes: processing, structure, proper- 
ties, and performance. Indeed, many of the chapters in this book can readily 
be identified with one or another of these broad topics. Equal in importance 
to their individual natures, however, is the synergistic manner in which they 
interact and influence one another. Clearly, the performance of a transistor 
reflects the processing or way it was manufactured, which in turn influences 
the atomic and electronic structure of the constituent materials and the proper- 
ties each exhibits. It is instructive to delineate briefly the attributes of these 
themes. 
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Structure-properties. The scientific core of the subject is embodied in struc- 
ture-property relationships that are intrinsic to the very nature of materials. 
Humans have always been able to recognize such properties as hardness, me- 
chanical strength, ductility or malleability, reflectivity, and color and roughly 
distinguish between the properties of different materials. But to understand 
the nature of materials properties at the level needed to alter them controllably 
and predictably requires a deep knowledge of structure. Despite our long 
involvement with materials, this understanding of atomic and crystal structures 
has emerged only in this century. 

Processing. Casting and mechanical shaping of metals, melting and blow- 
ing of glass, and firing and glazing of ceramics are examples of traditional 
materials processing. Each was an art (as well as the substance of art) for a 
long time, but now science is in the ascendency. Modern scientific experimental 
techniques have made precise measurement of time-dependent changes in com- 
position, structure, and properties possible, enabling a better understanding 
of the stages of change that materials experience during their production. And 
if change cannot be measured, computers can now be programmed to model 
and predict materials behavior during processing. Such information can then 
be used to control processes, enabling greater and more consistent yields of 
desired products. It is important to reiterate that processing is the only way 
to add value to materials. 

Performance. The litmus test of engineering is frequently whether a compo- 
nent or system survives the rigors of field use. Provided there are no design 
flaws, it is up to the materials to meet performance requirements. Processing, 
of course, influences the latter by fixing the structure and the properties derived 
from them. Because of the broader implications of performance, aspects of 
failure and reliability of both mechanical and electronic materials and compo- 
nents are extensively addressed later in this book. 

In summary, the links between structure-properties and basic science, at 
one extreme, and between performance and societal needs, at the other, are 
schematically depicted in Fig. 1-8. In this representation processing connects 
scientific ideas and practical understanding to create the vitality necessary to 
advance the field of materials. 

1.2.3. Materials Selection 

A key function of materials specialists (e.g., scientists, metallurgists, cera- 
mists, polymer engineers) is to synthesize useful materials and produce them 
in bulk quantities. On the other hand, civil, mechanical, chemical, and electrical 
engineers must frequently select materials to: 

1. Implement designs for new products. 

2. Improve existing products. In this case, new materials can cut produc- 
tion costs and rectify design shortcomings. 
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3. Address emergency situations. These can include failure of the product 
with loss of consumer confidence, production problems, and shortages 
in the sources of supply requiring replacement materials. 

Thousands of materials are potentially available in assorted sizes and shapes 
but, not infrequently, the choice usually dwindles to far fewer candidates. 
Among the issues that must be considered when making the decision to select 
an engineering material are the following: 

1. Essential property or properties of interest. This is frequently the most 
important consideration. In rare cases there may only be one suitable material. 
If the need is to reach 4 K, only liquid helium will do. Similarly, for catalyst 
applications there is presently no good alternative to platinum. More com- 
monly, however, there are materials choices. If, for example, mechanical prop- 
erty requirements are uppermost and a certain strength level is essential, many 
candidates will probably exist. Then other supplementary property require- 
ments should be considered (e.g., density or weight per unit volume, toughness 
or resistance to fracture, environmental stability, resistance to elevated tempera- 
ture softening, hardness and wear resistance, appearance) and rated according 
to importance. 

2. Fabricabiiity. If materials cannot be readily fabricated or assembled, 
they cease to be viable choices. Included under fabricabiiity is the ability to be 
shaped by mechanical processes such as rolling, forging (hammering), and 





TABLE 1-3 



APPROXIMATE PRICES OF MATERIALS (-1989) 



Material 


U,S< dollars/ton 


Diamonds (industrial high quality) 


500,000,000 


Platinum 


16,500,000 


Gold 


14,500,000 


Silicon 




As extracted 


1,300 


Single-crystal wafers 


10,000,000 


Integrated circuits 


1,500,000,000 


Palladium 


4,050,000 


Silver 


190,000 


Carbon fiber-reinforced polymer (CFRP) 


170,000 


Glass fiber-reinforced polymer (GFRP) 


39,000 


Glass fibers 


1,500 


Carbon fibers 


45,000 


Epoxy resin 


6,000 


Silicon carbide 




For engineering ceramics 


27,000 


For abrasives 


1,400 


For refractory bricks 


750 


Tungsten 


19,500 


Cobalt 


17,000 


Titanium 


8,300 


Polycarbonate (pellets) 


5,300 


Brass 




60/40 as sheets 


3,750 


Ingots 


1,650 


Aluminum 


2,400 


Copper 


2,600 


Steel 




Stainless 


2,700 


High-speed 


1,200 


Low alloy 


750 


Mild — as angles 


350 


Cast iron (gray) 


830 


Hardwood 




Teak veneer 


1,650 


Structural 


530 


Rubber 




Synthetic 


1,400 


Natural (commercial) 


870 


Polystyrene 


1,300 


Lead (sheet) 


1,200 


Polyethylene 


1,100 


Polyvinyl chloride 


1,000 


Glass 


750 


Alumina 


350 


Concrete (reinforced beams) 


330 


Cement 


70 



From C. Newey and G. Weaver, Materials in Action Series : Materials 
Principles and Practice, Butterworths, London {1990), 
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machining, and to be joined by welding, soldering, and other processes. Exam- 
ples abound of otherwise excellent materials that cannot be drilled or welded. 
Unlike some materials properties that can be quantified by a numerical value, 
for example, a melting point of 1083°C or a load-bearing capacity per unit 
area or tensile strength of 346 MPa (50,000 pounds of force per square inch 
or psi), fabricability reflects a complex combination of properties. Therefore, 
it is usually ranked on a qualitative scale, for example, excellent, mediocre, or 
poor machinability. 

3. Availability. Optimal materials may not always be available in the de- 
sired amount, composition, or shape. Shortages can cause dramatic price rises. 
An example is cobalt, which is employed in the manufacture of turbine blades 
and surgical prostheses. In the early 1980s political turmoil in Zaire and 
Zambia, the major producers, caused the price of the metal to spiral tenfold 
within days on commodity markets. Materials substitutions are a frequent 
response to availability problems. The reason is that the user often requires a 
property rather than a material . Irrespective of availability, substitutions are 
part of the natural evolution of materials usage. Numerous examples exist and 
include use of polyvinyl chloride (PVC) instead of brass and copper tubing in 
plumbing, and polymer fibers instead of natural materials in clothing. 

4, Cost. Materials selection is not possible without consideration of costs. 
Many basic engineering materials are sold as commodities, which means that 
their price is relatively fixed because there are numerous sources of supply. 
These and other materials are listed together with their approximate prices in 
Table 1-3. Prices will vary, however, depending on size, shape, and quantity 
purchased. The increased value of a number of materials due to additional 
processing should be noted. An outstanding example in this regard is silicon, 
where the conversion of metallurgical-grade silicon to semiconductor-grade 
wafers is accompanied by a 7000-fold increase in price. And after processing 
into integrated circuits, some wafers are worth many times their weight in 
gold! Engineering materials such as mild (low-carbon) steel, wood, concrete, 
glass, and certain polymers have found such widespread use because they are 
relatively cheap. Initial purchase price is not the only cost consideration in 
materials selection, however. Subsequent labor, production, and assembly costs 
associated with use of a particular material must also be taken into account. 

In summary, a concurrent systems approach that synergistically integrates 
design, manufacturing, and materials selection must be adopted if optimum 
benefits are to be realized. 



1.3- ENGINEERING MATERIALS AND SELECTED APPLICATIONS 



In this section a brief survey of important engineering materials and their 
properties is offered as an introduction to the remainder of the book. By 
engineering materials we mean those that have survived the ordeal of testing 
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and selection to be incorporated into commercial products and structures. 
Other classifications of engineering solids exist but our primary concern is with 
metals, ceramics, polymers, and semiconductors. 



1.3.1. Metals 

High reflectivity, thermal conductivity (ability to conduct heat) and mallea- 
bility (ability to be thinned by hammering) combined with low electrical resis- 
tance are some of the attributes we associate with metals. The availability of 
very large numbers of mobile electrons that permeate metals is responsible for 
facilitating transport of charge and thermal energy. They also establish the 
electric fields that prevent the penetration of visible light, causing it to be 
reflected instead. In addition, metals are generally strong (high tensile strength), 
stiff (large modulus of elasticity), and tough (resistant to fracture). At the same 
time they are ductile and tend to deform in a plastic manner prior to breaking. 
Thus metals are readily shaped and formed by mechanical forces. The reason 
for these desirable mechanical properties is traceable to an atomic bonding 
that allows atoms to slide readily past one another. 

In order of tonnage, irons and steels are the most widely used metals. Next, 
but far behind, are aluminum and copper together with their numerous alloys. 
The list of other commercially employed metals is very long and includes nickel, 
titanium, zinc, tin, lead, manganese, chromium, tungsten, and the precious 
metals gold, silver, and platinum. Metals, particularly steels and superalloys 
(containing Ni, Cr, Co, Ti), fill many critical technological functions for which 
there are no practical substitutes. They are the substances of which machine 
tools, dies, and energy generation equipment are made. In addition, the reactors 
and processing equipment used to produce polymers, ceramics, and semicon- 
ductors are constructed almost exclusively of metals. Some 99% of a Boeing 
747’s weight is due to metals (82% aluminum, 13% steel, 4% titanium, 1% 
fiber glass). 

One of the greatest metallurgical achievements in this century has been the 
development of the modern jet engine. Its severely stressed and thermally 
exposed components are shown schematically in Fig. 1-9 (see color plate). 
Actual turbine blades are reproduced on the book’s cover; their production 
and properties are discussed in Chapters 8 and 9. By giving patients a new 
lease on life, metallic orthopedic implants (Fig, 1-10) that replace damaged 
bones represent a great advance in modern medical practice. Interestingly, they 
are made of similar jet engine alloys. 



1.3.2. Ceramics 



Used by mankind even longer than metals, ceramics are composed of metallic 
and nonmetallic elements drawn from opposite ends of the Periodic Table. 
The primary examples include metal oxides (A1 2 0 3 , Ti0 2 , Zr0 2 , Si0 2 , Na 2 Q, 
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FIGURE l-IO 



(A) Porous coated anatomic (PCA) knee prosthesis made of a Co-Cr alloy. The plastic is ultrahigh- 
molecular-weight polyethylene. Courtesy of C. Lizotte, Howmedica. (B) Method of knee prosthesis 
fixation. Courtesy of C. Lizotte, Howmedica. (C) Total hip replacement femoral hip stem and head 
cast made from a Co-Cr-Mo alloy. The prosthesis is implanted with bone cement. Courtesy of J. E. 
Malayter, Implex. 



K 2 0, Li 2 0, etc.). They are occasionally used singly in products such as fused 
quartz (Si0 2 ) tubing and alumina (A1 2 0 3 ) substrates for mounting electronic 
components. But more frequently, various combinations of these compounds 
are required to meet the property demands required of various glasses for 




18 



CHAPTER I INTRODUCTION TO MATERIALS SCIENCE AND ENGINEERING 



containers and optical applications, refractory bricks that line industrial fur- 
naces, decorative glazes for pottery, and heat-resistant cookware. Metal car- 
bides (SiC, TiC, WC, BC), nitrides (Si 3 N 4 , TiN, BN), and borides (TiB 2 ) are 
examples of other ceramic materials that have recently assumed critical impor- 
tance in applications where extreme hardness and/or high-temperature strength 
are required. This accounts for the widespread use of TiC and TiN coatings 
on cutting tools to extend their life during machining operations. 

Ceramic materials are found in crystalline form, where atoms are geometri- 
cally arranged in a repetitive fashion, as well as in the amorphous, noncrystalline 
state that we associate with glasses. Unlike metals, virtually no electrons are 
around to conduct either charge or heat, so ceramics serve as good electrical 
and thermal insulators. Their extremely high melting points signify that their 
atoms are very strongly bonded to one another. Under applied loading such 
atoms are not expected to move past each other easily. Thus ceramics and 
glasses are strong when compressed, but exhibit very little plastic stretching 
when pulled by tensile forces. Rather, they have a fatal tendency to fracture 
in a brittle manner under tension. Although strenuous efforts have been made 
to toughen ceramics, their use as structural materials, aside from concrete, is 
limited. On the other hand, applications have moved well beyond refractories, 
bathroom fixtures, and whiteware. Recent decades have witnessed the emer- 
gence of many new technical applications for ceramics, including magnets that 
are electrical insulators, dielectric materials for capacitors and high-frequency 
circuits, sensors that detect oxygen and water, and assorted devices that convert 
thermal, stress, and optical stimuli into electrical signals. And of course we 
must not forget the YBa 2 Cu 3 0 7 high-temperature superconductors that hold 
so much promise in diverse technologies. 

The development of an advanced lightweight silicon nitride gas turbine for 
automobile and power plant applications illustrates the exciting potential of 
ceramic materials. Several key components for these purposes are displayed in 
Fig. 1-11. 



1.3.3, Polymers 

Close your eyes, reach out, and the chances are good that you have touched 
a polymer! More polymers are now produced on a volume basis than all of 
the metals combined, a result of their low average density (—1.5 Mg/m 3 or 
1.5 g/cm 3 compared with —7.5 Mg/m 3 for typical metals). Their low cost and 
density, coupled with ease in processing and durability, have been key reasons 
for the substitution of polymers for metals, glasses, and natural products. The 
result has been the widespread use of polymers in clothing, fabrics, food and 
beverage containers, packaging of all kinds, furniture, and sporting equipment. 
An assortment of polymer products is shown in Fig. 1-12. In one of the more 
significant trends, the use of plastics in automobiles has increased from —10% 
by weight in the late 1970s to about 20% in the early 1990s. Correspondingly, 
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the weight of U.S. autos has almost halved in the same time from 4000 lb to 
less than 2500 lb. The impact of this on energy conservation strategies has 
been dramatic. 

Long-chain, very high molecular weight hydrocarbons are the basic building 
blocks of polymers. The chains either lie together intertwined like a plate of 
spaghetti strands to create the linear polymers, or are joined at nodes to form 
three-dimensional networks. Polymers of the latter type (thermosets, e.g., epox- 
ies, phenolics, and silicones) are generally stronger than those of the former 
type (thermoplastics, e.g., polyethylene, polyvinyl chloride, and nylon). Both 
tend to have an amorphous structure because the ordering of atoms is not 
regular. Although there are large variations, they are typically more than 10 
times less stiff and strong than metals. In addition, polymers tend to undergo 
large time-dependent deformations under load, adversely affecting the dimen- 
sional stability of components. 

To address such shortcomings, polymers have been creatively altered by 
modifying the chemistry of individual chains and by mixing polymers together. 
But more importantly, incorporation of thin fibers of glass and carbon into a 
polymer matrix (typically epoxy and nylon) has resulted in the creation of 
stiffer and stronger composites. These extremely popular and increasingly im- 
portant, high strength-to-weight ratio engineering materials capitalize on the 
stiffness of the fiber and the easy formability of an inexpensive polymer matrix. 
The resulting composite behavior represents a volume average of the beneficial 
properties of the individual constituents; separately, neither is as useful an 
engineering material as the composite. The concept of composites has also 
been extended to metal and ceramic matrices, resulting in an array of high- 
performance materials that are now widely used in aircraft bodies and compo- 
nents, hulls of small sea craft, automotive parts, and sporting goods (e.g., 
tennis rackets, skis, fishing rods). A representative collection of applications 
employing composites, shown in Fig. 1-13, illustrates their pervasive use and 
the extent to which they have substituted for traditional materials. Composites 
are extensively treated in Chapter 9. 

1.3.4. Semiconductors 

Unlike the other materials considered, which have altered our world primar- 
ily in evolutionary ways, semiconductors have unleashed a technological revolu- 
tion in many areas. They have made possible the computers and telecommunica- 



FIGURE 1-12 



Examples of polymer use; (A) Polycarbonate (LEXAN) reusable and recyclable school milk bottles have 
replaced paperboard cartons. Courtesy of GE Plastics. (B) Fire helmet made of polyetherimide (ULTEM) 
can withstand a temperature of 260°C (500°F) for 2.5 minutes. Highly light transparent and heat-resistant 
polyphthalate carbonate (LEXAN) is used for the shield. Courtesy of E. D. Bullard Company and GE 
Plastics. (C) Passenger-side air bag deployment doors made of Du Pont thermoplastic elastomer (DYM 
100) and used on the 1992 Lincoln Town Car. Courtesy of DuPont Automotive. 
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FIGURE 1-13 



Examples of composite use: (A) Glass-reinforced nylon (ZYTEL) air intake manifold used on 1993 General 
Motors V-6 engines. Courtesy of DuPont Automotive. (B) Bicycle whose frame is made of a composite 
containing carbon fibers in an epoxy resin matrix (TACTIX). Courtesy of The Allsop Company and Dow 
Plastics (a business group of the Dow Chemical Co.). (C) Voyager aircraft. Most of the structural members 
and body of this plane were made from graphite-epoxy composites. Courtesy of Hercules Aerospace 
Products Group and SACMA. 
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tions systems that process and transmit huge amounts of information for 
business, health care, educational, scientific, military, and recreational pur- 
poses. Semiconductor devices have added sensitivity, capability, and reliability 
to electronic sensing, measurement, and control functions, as well as to all 
consumer electronics equipment. 

Elemental silicon is the semiconductor material used for computer logic 
and memory applications where immense numbers of transistors are grouped 
together on integrated circuit (IC) chips (Fig. 1-14). In this case each Si wafer 
undergoes a demanding processing regimen that includes the growth of a very 
pure glass (ceramic) thin film, deposition of metal conductors for contacts and 
interconnections, and use of polymers to encapsulate or package the finished 
IC. Silicon is also used to fabricate discrete semiconductor devices like diodes 
and transistors; however, for optoelectronic applications requiring lasers, light- 
emitting diodes, and photodetecting diodes and transistors, compound semi- 
conductors based on gallium arsenide (GaAs) and indium phosphide (InP) 
are employed. 

Electrical conduction in semiconducting materials falls somewhere between 
ceramic and polymer insulators, on the one hand, and metallic conductors, on 
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FIGURE 1-14 



Integrated circuits at various stages of magnification. For parts A and B, see color plates. (C) Scanning 
electron microscope image of an integrated circuit. The distance between the arrows is 0.5 /im, a width 
that is 1 50 times smaller than the diameter of the human hair. Courtesy of P. Chaudhari, IBM Corporation. 



the other. But this distinction is very simplistic because semiconductors, unlike 
other materials, exhibit interesting electrical phenomena and effects when they 
join together at junctions with other semiconductors, metals, or insulators; it 
is these effects that are exploited in devices. Chapters 12 and 13 are devoted 
to a discussion of the nature of these materials and their operation in devices. 



! A CONCLUSION 



This introductory chapter has attempted to dramatize the role of materials 
within broader historical and societal contexts, as well as within engineering 
and manufacturing activities. Several concentric levels of connections conve- 
niently serve to define the impact of materials. Most broadly, materials- 
energy-environment concerns address the wider community, whereas ma- 
terials— design— processing constraints are more narrowly limited to engineering 
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and manufacturing issues. Processing-structure-properties-performance in- 
teractions are the most focused of all and refer to specific materials. 

It is the last tetrad of terms with which the remainder of the book is con- 
cerned. At the core of the subject is the structure— properties scientific base. 
Enveloping the core are the engineering concerns of processing and perfor- 
mance. For millennia, processing and performance of engineering solids were 
what mattered, and because the former was an art, the latter was very variable 
in practice. Now structure-property relationships are recognized as the key 
to understanding the fundamental nature of materials, improving their proper- 
ties, and creating new materials. For this reason many of the chapters elaborate 
on dual scientific structure-engineering property themes. 

Collectively, Chapters 2 to 6 are seasoned with a scientific flavor that exposes 
the nature of atomic electrons in solids and how atoms are geometrically 
positioned and held together in materials. Allied issues of stability and change 
in materials as a function of composition and temperature are also addressed. 
Chapters 7 to IS are more engineering oriented and deal broadly with the 
mechanical and electrical properties of materials. How to achieve desired prop- 
erties through processing and avoid degradation of performance are intimately 
connected issues. In keeping with the book’s title these science— engineering 
distinctions are often blurred and sometimes seamless. 
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QUESTIONS AND PROBLEMS 

l-l. Select a material or product with which you are familiar, for example, a glass 
bottle or an aluminum can, and trace a materials cycle for it spanning from 
the source of raw materials to the point at which it is discarded. 

1-2. A titanium orthopedic prosthesis weighs 0.5 kg and sells for 1000 dollars. 
Insertion of the implant into a patient requires an operation and a 5-day 
hospital stay. Comment on the approximate ratio of the prosthesis cost to the 
total cost of this surgical procedure to the patient. 

1-3. What is the approximate added value in a contact lens manufactured from 
a polymer? 

1-4. Approximately what percentage of the U.S. annual consumption of —80 
QUADs of energy is used in making some 100 million tons of steel a year? 
Note : 1 QUAD = 10 15 BTU. 

1-5. A QUAD of energy is roughly 1% of U.S. annual consumption. Suppose this 
need is to be supplied by solar cells that are 15% efficient. How much land 
area would have to be set aside for light collection assuming the cells could 
operate 12 hours a day? Note : 1 BTU = 1.06 x 10 3 J. 

I -6. Materials play a critical role in generating energy. Mention some ways materials 
are used in generating energy. 

1-7. Why does it take more energy to extract metals from oxide ores that are leaner 
in metal content? 

1-8. Hundred-watt incandescent light bulbs are typically rated to last 1000 hours 
and cost approximately 1 dollar. Very roughly compare the bulb cost with 
that of the energy consumed in service. 

I -9. Automobile metal scrap from shredded engines and bodies consist of steel (iron 
base alloys), aluminum, and zinc base alloys in the form of baseball-sized chunks 
and pieces. These metals are separated from each other and then recycled. 

a. Design a method to physically separate steel from the other two metal alloys. 

b. Aluminum and zinc pieces are physically parted according to their difference 
in density, 2.7 g/cm 3 versus 7.1 g/cm 3 . Suggest a separation scheme exploit- 
ing this property difference. 

1-10. a. What is the weight of oxygen in the earth’s crust? 

b. If 96% of the earth’s volume is oxygen, what can you say about the relative 
sizes of metal and oxygen atoms? 

Ml. Suppose iron in the upper kilometer of the earth’s crust were predominantly 
in the form Fe 2 0 3 and could be recovered by the reduction reaction 

2Fe 2 0 3 + 3C = 3C0 2 + 4Fe 

a. If world consumption of iron is 5 X 10 11 kg annually, and carbon is used 
solely for extraction purposes, how long would the iron last? 

b. How much carbon would be consumed in extracting it? 

c. Mention factors and conditions that would radically alter your answers. 
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1 - 12 . Why is it more difficult to recycle polymers than metals? 

1-13. a. Polymer production is increasing at a rate of about 15% per year. How 
long will it take to double? 

b. If the amount of steel consumed doubles in approximately 20 years, what 
is the percentage increase in consumption each year? 

1 - 14 . The earliest reference to metal working in the Bible occurs in Genesis 4:22 in 
which the metalsmith “Tubal-Cain, the forger of every cutting instrument of 
brass and iron” is introduced. Comment on the historical implications of this 
verse fragment. 

1-15. It has been theorized that metals were first produced from oxide ores by ancient 
potters glazing and firing clay wares. Suggest a possible scenario for such 
an occurrence. 

1 - 16 . How many products can you name that contain: 

a. Metals, semiconductors, ceramics, and polymers? 

b. Metals, ceramics, and polymers? 

1 - 17 . Sports equipment has undergone and continues to undergo great changes in 
the choice of materials used. Focus on the equipment used in your favorite 
sport and specify: 

a. What materials change or substitution has occurred. 

b. Reasons for the change. 

1 - 18 . Materials-designated technologists (i.e., metallurgists, ceramists) have been 
called engineers’ engineers. Why? 

1 - 19 . A silicon wafer is processed to make many microprocessor chips measuring 2 
cm long x 2 cm wide x 0.07 cm thick. If they each sell for 1000 dollars, how 
many times their weight in gold are they worth? Note : The weight of the 
devices and components on the chip is negligible compared with that of Si. 
1 - 20 . “A good measure of the technological advance of a civilization is the tempera- 
ture which it could attain.” Explain what is meant by this statement. 

1 - 21 . Speculate on the implications of the following events and trends with respect 
to the kinds of materials needed and the methods required to produce them: 

a. The end of the Cold War 

b. The desire to improve the environment and eliminate pollution 

c. The shift from a manufacturing to a service economy 

d. An increasingly global economy 

e. Curbing energy consumption 
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ELECTRONS IN ATOMS AND 
SOLIDS: BONDING 



2 . 1 . INTRODUCTION 

■HMT' ■ ~ 

It is universally accepted that atoms influence materials properties, but which 
suoatomic portions or atoms (e.g., electrons, nuclei consisting or protons, 

neutrons) influence which properties is not so obvious. Before addressing this 
question it is necessary first to review several elementary concepts introduced 
in basic chemistry courses. Elements are identified by their atomic numbers 
and atomic weights. Within each atom is a nucleus containing a number of 
positively charged protons that is equal to the atomic number (Z). Circulating 
about the nucleus are Z electrons that maintain electrical neutrality in the 
atom. The nucleus also contains a number of neutrons; these are uncharged. 

Atomic weights (M) of atoms are related to the sum of the number of 
protons and neutrons. But this number physically corresponds to the actual 
weight of an atom. Experimentally, the weight of Avogadro's number (N A = 
6.023 x 10 23 ) of carbon atoms, each containing six protons and six neutrons, 
equals 12.00000 g, where 12.00000 is the atomic weight. One also speaks 
about atomic mass units (amu): 1 amu is one-twelfth the mass of the most 
common isotope of carbon, 12 C. On this basis the weight of an electron is 
5.4858 x 10“ 4 amu and protons and neutrons weigh 1.00728 and 1.00867 
amu, respectively. Once the atomic weight of carbon is taken as the standard, 
M values for the other elements are ordered relative to it. A mole of a given 
element weighs M grams and contains 6.023 X 10 23 atoms. Thus, if we had 
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only 10 23 atoms of copper, by a simple proportionality they would weigh 
1/6.023 x 63.54 = 10.55 g (0.01055 kg). Note that the atomic weight of Cu, 
as well as most of the other elements in the Periodic Table including carbon, 
is not an integer. The reason for this is that elements exist as isotopes (some 
are radioactive, most are not), with nuclei having different numbers of neutrons. 
These naturally occurring isotopes are present in the earth’s crust in differing 
abundances, and when a weighted average is taken, nonintegral values of M 
result. If compounds or molecules (e.g., Si0 2 , GaAs, N 2 ) are considered, the 
same accounting scheme is adopted except that for atomic quantities we substi- 
tute the corresponding molecular ones. 



EXAMPLE 2-1 



a. What weights of gallium and arsenic should be mixed together for the 
purpose of compounding 1.000 kg of gallium arsenide (GaAs) semiconductor? 

b. If each element has a purity of 99.99999 at.%, how many impurity atoms 
will be introduced in the GaAs? 

Note: Mg* — 69.72 g/mol, M As = 74.92 g/mol, M GjAs = 144.64 g/mol. 

ANSWER a. The amount of Ga required is 1000 X (69.72/144.64) = 482 
g. This corresponds to 482/69.72 or 6.91 mol Ga or, equivalently, to 6.91 x 
6.023 x IQ 13 — 4.16 x IQ 24 Ga atoms. Similarly, the amount of As needed 
is also 6.91 mol, or 518 g. The equiatomic stoichiometry of GaAs means that 
4.16 x IQ 24 atoms of As arc also required. 

b. Impurity atoms introduced by Ga + As atoms number 2 x (0.00001/ 
100) x 6.91 x 6.023 x 10 23 = 8.32 x IQ 1 '. Because the total number of 
Ga + As atoms is 8,32 x IQ 24 , the impurity concentration corresponds to 
IG% or I part in 10 million. 

Returning to the subatomic particles, we note that electrons carry a negative 
charge of —1,602 x 10 -19 coulombs (C); protons carry the same magnitude 
of charge, but are positive in sign. Furthermore, an electron weighs only 
9.108 x 10 -28 g, whereas protons and neutrons are about 1840 times heavier. 
In a typical atom in which M = 60, the weight of the electrons is not quite 
0.03% of the total weight of the atom. Nevertheless, when atoms form solids, 
it is basically the electrons that control the nature of the bonds between the 
atoms, the electrical conduction behavior, the magnetic effects, the optical 
properties, and the chemical reactions between atoms. In contrast, the sub- 
nuclear particles and even nuclei, surprisingly, contribute very little to the story 
of this book. Radioactivity, the effects of radiation, and the role of high-energy 
ion beams in semiconductor processing (ion implantation) are exceptions. One 
reason is that nuclear energies and forces are enormous compared with what 
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FIGURE 2-1 




Electron orbit 




(A) Model of a hydrogen atom showing an electron executing a circular orbit around a proton. (B) De 
Broglie standing waves in a hydrogen atom for an electron orbit corresponding to n = 4. 



atoms experience during normal processing and use of materials. Another 
reason is that the nucleus is so very small compared with the extent to which 
electrons range. For example, in hydrogen, the smallest of the atoms (Fig. 
2-1A), the single electron circulates around the proton in an orbit whose 
radius, known as the Bohr radius, is 0.059 nm long [1 nm =10 9 m = 10 A 
(angstroms)]. The radius of a proton is 1.3 x 10~ 6 nm, whereas nuclei, typically 
~M 1/3 times larger, are still very much smaller than the Bohr radius. Before a 
pair of atomic nuclei move close enough to interact, the outer electrons have 
long since electrostatically interacted and repelled each other. The preceding 
considerations make it clear why the next topic addressed is the atomic elec- 
trons. 



2.2. ATOMIC ELECTRONS IN SINGLE ATOMS 



Before the role of electrons in solids can be appreciated it is necessary to 
understand their behavior in single isolated atoms. The simplest model of an 
atom assumes it to be a miniature solar system at whose center is a positively 
charged nucleus (the sun) surrounded by a cloud of orbiting negatively charged 
atomic electrons (the planets). Charge is distributed so that the atom is electri- 
cally neutral . We now know these atomic electrons display a complex dynamical 
behavior (the larger the Z, the more complex the behavior) governed by the 
laws of quantum mechanics. The underlying philosophy and mathematical 
description of quantum theory are quite involved. Nevertheless, the resulting 
concepts and laws that derive from them can be summarized for our purposes 
in terms of a few relatively simple equations and rules that are discussed in turn. 

2,2,1. Wave/Particle Duality 

The term wave! particle duality suggests that both particles and waves have 
a dual nature. For the most part particles (a baseball, a stone, an electron) 
obey the classical Newtonian laws of mechanics. Occasionally, however, they 
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reveal another, mysterious side of their character and behave like waves. An 
electron speeding down the column of an electron microscope produces such 
wavelike diffraction effects upon interaction with materials. Similarly, waves 
that exhibit standard optical effects like refraction and diffraction can surpris- 
ingly dislodge electrons from metals by impinging on them under certain condi- 
tions. Our first instinct is to attribute this photoelectric effect to a mechanical 
collision, attesting to the particle-like nature of waves. Wave/particle duality 
is expressed by the well-known de Broglie relationship 

k = hip = h/mv. (2-1) 

In this important formula k is the effective wavelength, and p is the momentum 
of the associated particle whose mass is m and velocity v. Planck’s constant h 
( h = 6.62 x 10” 34 J-s) bears witness to the fact that quantum effects are at 
play here. 

The de Broglie relationship provides a way to rationalize the stability of 
electron orbits in atoms. Classically, circulating electrons ought to emit electro- 
magnetic radiation, lose energy in the process, and spiral inward finally to 
collapse into the nucleus. But this does not happen and atoms survive in so- 
called stationary states. Why? If the de Broglie waves associated with the 
electron in hydrogen were standing waves, as shown in Fig. 2-1B, they would 
retain their phase, and orbits would persist intact despite repeated electron 
revolutions. But, if the waves did not close on themselves, they would increas- 
ingly interfere destructively with one another and, with each revolution, move 
more and more out of phase. Electron orbit disintegration would then be 
inevitable. This same notion of standing waves is used again later in the chapter 
(Section 2. 4. 3. 2) to derive the energies of electrons in metals. 



2.2.2. Quantized Energies 

We know from experience that both particles (objects) and waves possess 
energy. The kinetic energies of gas molecules and the heating effects of laser 
light are examples. It outwardly appears that the energies can assume any 
values whatever. But this is not true. A fundamental law of quantum theory 
holds that energies of particles and waves, or more appropriately photons, can 
assume only certain fixed or quantized values. For photons, the energy is given 
by Planck’s formula 

E = hv = hc/k. (2-2) 

Here v is the frequency of the photon which travels at the speed of light c, 
where c = vk [c — 2.998 x 10 8 m/s). Interestingly, the vibrations of atoms 
in solids give rise to waves or phonons, whose energies are given by a simi- 
lar formula: 



E ~ (n 4- h)hv, 



n = 1, 2, 3, .... 



(2-3) 
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In this expression n is a quantum number that assumes integer values. This 
means that solids absorb and emit thermal energy in discrete quanta of hv 
when their atoms vibrate with frequency v . In solids, v is typically 10 13 Hz. 

More relevant to our present needs is the fact that the energies of electrons 
in atoms are also quantized, meaning that they can assume only certain discrete 
values. The case of the single electron in the hydrogen atom may be familiar 
to readers. Here the energy levels (E) are given by the Bohr theory as 



E = 



-27 r 1 m e q 4 _ -13.6 
/r* 2 n 1 



eV, * = 1,2,3, 



(2-4) 



The electron mass and charge are m t and q , respectively. Again, n is an integer 
known, in this case, as the principal quantum number. The closer they are to 
the nucleus, the lower the energies of the electrons. And because the electron 
energy inside the atom is less than that outside it (where the zero-energy-level 
reference is assumed), a negative sign is conventionally used. Resulting energy 
levels are enumerated in Fig. 2-2. At any given time only one level can be 
occupied. In an unexcited hydrogen atom the electron resides in the ground 
state (n = 1) while the other levels or states are vacant. Absorption of 13.6 
eV of energy (1 eV/atom = 1.60 x 10 -19 J/atom = 96,500 J/mol) will excite 
the electron sufficiently to eject it and thus ionize the hydrogen atom. 

For other atoms a very crude estimate of the electron energies is given by 

E = -13.6Z 2 /* 2 eV, * = 1,2,3,..., (2-5) 

where Z, the atomic number, serves to magnify the nuclear charge. The effect 
of core electron screening of the nuclear charge is neglected in this formula. 



2.2.3. The Pauli Principle 

In reality, multielectron atoms and hydrogen as well are more complicated 
than the simple Bohr model of Fig. 2-1. Electrons orbiting closer to the nucleus 
shield outer electrons from the pull of the nuclear charge. This complicates 
their motion sufficiently that different electrons are not at the same energy 
level; furthermore, electron energies are not easily calculated. In general, more 
advanced theories indicate that the electron dynamics within all atoms is charac- 
terized by four quantum numbers n, l , m, and s. These arise from solutions to 
the celebrated Schrodinger equation, a cornerstone of the modern quantum 
description of atoms. Specifically, the three-dimensional motion of electrons 
is embodied in the quantum numbers n, /, and m. 

The principal quantum number is still n and it can assume only integer 
values 1, 2, 3, . . . , as before. Electrons are now organized into shells. When 
* = 1 we speak of the K electron shell, while for the L and M shells, n — 2 
and * = 3, respectively. As will become evident after introduction of the other 
quantum numbers, there are 2 electrons in the K shell, 8 in the L shell, 18 in 
the M shell, and so on. 
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FIGURE 2-2 



Electron energy levels in the hydrogen atom. The ground state corresponds to the electron level 
n = I , with E - - 1 3.6 eV. For the n = x level, corresponding to f = 0, the electron has gained the 
I 3.6 eV energy needed to ionize hydrogen. Electron transitions from upper levels to the n = I level 
are known to spectroscopists as the Lyman series; to the n = 2 level, the Balmer series; to the n = 3 
level, the Paschen series. 



The angular momentum arising from the rotational motion of orbiting 
electrons is also quantized or forced to assume specific values which are in the 
ratio of whole numbers. Recognition of this fact is taken by assigning to the 
orbital quantum number / values of 0, 1, 2, — 1. The shape of electron 

orbitals is essentially determined by the / quantum number. When / = 0 we 
speak of s electron states. These electrons have no net angular momentum, 
and as they move in all directions with equal probability, the charge distribution 
is spherically symmetrical about the nucleus. For l = 1, 2, 3, we have 
corresponding p, d, f, . . . states. 

A third quantum number, m, specifies the orientation of the angular momen- 
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turn along a specific direction in space. Known as the magnetic quantum 
number, m takes on integer values between +/ and -/, that is -/, — / + 1, . . . , 
+ / — 1 , + /. 

Lastly there is the spin quantum number, s, in recognition of the fact that 
electrons spin as they simultaneously orbit the nucleus. Because there are only 
two orientations of spin angular momentum, up or down, m assumes — \ 
and +5 values. We return to electron spin in Chapter 14 in connection with 
ferromagnetism. 

The Pauli principle states that no two electrons in an atom can have the 
same four quantum numbers . 

Let us apply the Pauli principle to an atom of sodium. As Z = 11 we have 
to specify a tetrad of quantum numbers ( n , /, m, s ) for each of the 1 1 electrons: 



1 s states (K shell) 
2 s states (L shell) 
2 p states (L shell) 

3 s state (M shell) 



(1, 0, 0, + 4) and (1, 0, 0, -4); 

(2, 0, 0, +£) and (2, 0, 0, -£); 

(2, 1, 0, +4), (2, 1, 0, -i), (2, 1, 1, +4), (2, 1, 1, -|), 
(2, 1,-1, +4), and (2, 1,-1, -£); 

( 3 , 0 , 0 , + 4 ). 



Another way to identify the electron distribution in sodium is Is 2 2 s 2 2 p 6 
3 s 1 and similarly for other elements. In shorthand notation the integers and 
letters are the principal and orbital quantum numbers, respectively, and the 
superscript number tells how many electrons have the same n and / values. 



2,2.4. Electron Energy Level Transitions 

The atomic model that has emerged to this point includes a set of electrons, 
each having a unique set of numbers that distinguishes it from others of the 
same atom. Furthermore, the energies of the electrons depend primarily on n 
and, to a lesser extent, on /. This means that an electron energy level scheme 
like that for hydrogen (Fig. 2 - 2 ) exists for every element. In the case of hydrogen 
the electron in the ground state {n = 0) can make a transition to an excited 
state provided (1) the state is vacant, and (2) the electron gains enough energy. 
The energy needed is simply the difference in energy between the two states. 

Likewise, energy is released from a hydrogen atom when it is deexcited, a 
process that occurs when an electron descends from an occupied excited state 
to fill an unoccupied lower-energy state. Photons are frequently involved in 
both types of transitions as schematically indicated in Fig. 2 - 3 , If the energy 
levels in question are E { and £ 2 , such that £ 2 > £ 1? then 

E z - £j = A£ = hv {1 = hc/k. ( 2 - 6 ) 

As a computational aid, if A £ is expressed in electron volts and A in microme- 
ters, then 



A £ (eV) = 1 . 24 /A (fi m). 



( 2 - 7 ) 
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FIGURE 2-3 



Schematic representation of electron transitions between two energy levels: (A) Excitation. (B) Deexci- 
tation. 



EXAMPLE 2~2 

What is the wavelength of the photon emitted from hydrogen during an 
n = 4 to n = 2 electron transition? 

ANSWER Using Eq. 2-4, AE = £*-£* - -13.6 (1/4- - 1/2 1 ) = 2.55 eV, 
From Eq. 2*7, A = 1.24/AE = 1.24/2.55 = 0.486 This wavelength of 
486 nm, or 4860 A, falls in the blue region of the visible spectrum. 

2.2.5. Spatial Distribution of Atomic Electrons 

It makes a big difference whether electrons move freely in a vacuum as 
opposed to being confined to orbit atoms. For one thing, in the former case 
electron motion is usually viewed in classical terms. This means that the electron 
can have any energy; there is no quantum restriction that limits energies to 
only certain fixed values as is the case for electrons confined to atoms. We also 
imagine that the actual location of classical electrons is very precisely limited 
to coincide within their intrinsic dimensions. According to quantum mechanics 
and, in particular, the Heisenberg uncertainty principle, 

Ap • Ax = hilir , (2-8) 

this view is too simplistic. Rather, Eq. 2-8 suggests that the more precisely the 
electron momentum p is known, the less we know about its position x, and 
vice versa. The A’s in Eq. 2-8 represent the uncertainties in p and x. 

A cardinal feature of the wave mechanics approach in quantum theory is 
the notion that electron waves can have a presence or time-averaged charge 
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density that extends in space, sometimes well beyond atomic dimensions. We 
speak of wave functions that mathematically describe the regions where the 
electronic charge can most probably be found. If they could be observed with 
a microscope, the picture would be strange and bewildering. For example, 
pictorial representations of the geometrically complex charge distributions in 
hydrogen-like s, p, and d states are shown in Fig. 2-4. It takes some doing to 
imagine that a single electron can split its existence between two or more 
distinct locations simultaneously. 



2.3. FINGERPRINTING ATOMS 



The previously described electronic theory of atoms is not only the substance 
of textbooks and the culture of science. A number of very important and 
sophisticated commerical instruments have appeared in recent years that capi- 
talize on the very concepts just introduced. Their function is to perform qualita- 
tive as well as quantitative analysis of atoms in very localized regions of 
solids. Developed largely for the semiconductor industry to characterize the 
composition of electronic materials and devices, their use has spread to include 
the analysis of all classes of inorganic and organic, as well as biological, 
materials. In this section we focus on the emission of both X rays and electrons 
and learn how to fingerprint or identify the excited atoms from which they 
originate. Optical spectroscopy, a science that has been practiced for a long 
time, also fingerprints atoms but by measuring the wavelength of visible light 
derived from low-energy, outer- electr on-lev el transitions. In contrast X-ray 
spectroscopy, which we consider next, relies on emission of X rays from the 
deeper, high-energy core electron levels. 



2.3.1. X-Ray Spectroscopy 

There is hardly a branch of scientific and engineering research and develop- 
ment activity today that does not make use of a scanning electron microscope 
(SEM), shown in Fig. 2-5; many examples of remarkable SEM images are 
found throughout this book and others have been widely reproduced in the 
printed and electronic media. The SEM is more fully discussed in Section 3.6.3. 
Our interest in the SEM here is as a source of finely focused electrons that 
impinge on a specimen under study. This causes electronic excitations within 
a volume that typically extends 1000 nm deep and measures about 10 8 nm 3 . 
Typical bacteria and red blood cells are considerably larger. Within the volume 
probed the chemical composition of impurity particles, structural features, and 
local regions of the matrix can be analyzed. The incident (~30-keV) electrons 
are sufficiently energetic to knock out atomic electrons from previously occu- 
pied levels as schematically indicated in Fig. 2-6. An electron from a more 
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p states 
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FIGURE 2-4 



Pictorial representation of the charge distribution in hydrogen-like s, p, and d wavefunctions. s states are 
spherically symmetrical, whereas p states have two charge lobes, or regions of high electron density 
extending along the axes of a rectangular coordinate system, d states typically have four charge lobes. 
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FIGURE 2-5 



Photograph of a modern scanning electron microscope with X-ray energy dispersive analysis detector. 
The left- and right-hand monitors display the X-ray spectrum and specimen image, respectively. Operation 
of the SEM is controlled by a personal computer. Courtesy of Philips Electronic Instruments Company, 
a Division of Philips Electronics North America Corporation. 



energetic level can now fall into the vacant level, a process accompanied by 
the emission of a photon. 

To see how this works in practice, consider the electron energy level diagram 
for titanium metal depicted in Fig. 2-7A, where values for the energies of K, 
L, and M electrons are quantitatively indicated. 









EXAMPLE 2-3 




If an electron vacancy is created in the K shell of Ti and an Lj electron fills 
it, what are the energy and wavelength of the emitted photon? 

ANSWER This problem is identical in spirit to Example 2-2. The energy of 
the photon is E ts - E K = [-455.5 - (-4966.4)] = 4510.9 eV, By Eq, 2-7, 
this corresponds to a wavelength of 2,75 x 10 4 or 0.275 nm, Therefore, 

the photon is an X ray spectrally identified as K a . The X-ray emission spectrum 
diagram for Ti is shown in Fig. 2-7B. 
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FIGURE 2-6 
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Schematic representation of electron energy transitions: (A) Initial state. (B) Incident photon or electron 
ejects K-shell electron. (C) X-ray emission when 2s electron fills vacant level. (D) Auger electron 
emission process. 
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FIGURE 2-7 
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Electron excitation processes in titanium. (A) Energy level scheme. All electron energies are negative in 
magnitude. (B) X-ray emission spectrum of Ti. Only the K and Kp lines are shown. (C) Auger electron 
spectral lines for Ti. 
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During analysis, the electron beam actually generates electron vacancies in 
all levels. Therefore, many transitions occur simultaneously, and instead of a 
single X-ray line there is an entire spectrum of lines. Each element has a 
unique X-ray spectral signature that can be used to identify it unambiguously. 
Importantly, high-speed pulse processing electronics enables multielement anal- 
ysis to be carried out simultaneously and in a matter of seconds. X rays emitted 
from the sample are sensed by a nearby cryogenically cooled semiconductor 
photon detector attached to the evacuated SEM column and analyzed to deter- 
mine their energy spectrum. Results are displayed as a spectrum of signal 
intensity versus X-ray energy, hence the acronym EDX (Energy Dispersive 
X ray) for the method. For multielectron atoms, Eq. 2-5 suggests that core 
levels for many useful elements can be expected to have X-ray energies of tens 
of kilo-electron volts. Extensive tables of the X-ray emission spectra of the 
elements exist to aid in materials identification. 

An allied technique makes use of incident energetic X-ray or gamma ray 
photons, rather than electrons. They also induce identical electron transitions 
and X-ray emission, so that from the standpoint of identification of atoms, 
there is no difference. This so-called X-ray fluorescence technique is used when 
the specimen cannot withstand electron bombardment or when it is not feasible 
to place it into the vacuum chamber of an SEM. Chemical analyses of pigments 
in oil paintings and inks in paper currency have been made this way to ex- 
pose forgeries. 

2.3.2. Auger Electron Spectroscopy 

Electron transitions within and between outer and core electrons are involved 
in the technique of Auger electron spectroscopy (AES), as indicated in Fig. 
2-6D. But, unlike EDX where X-ray photons are emitted, so called Auger 
(pronounced oh-zhay) electrons are released in AES. A low-energy electron 
beam (~2 keV) impinges on the specimen and creates the initial vacancy that 
is filled by an outer electron; however, the photon that is normally created 
never exits the atom. Instead, it transfers its energy to another electron, the 
Auger electron. A collection of Auger electrons with varying intensity and 
unique energies does emerge to establish the wiggly spectrum that is the unam- 
biguous signature of the atom in question. The AES spectrum for Ti is shown 
in Fig. 2-7C. Because core and not valence (or chemical bonding) electrons are 
involved in both EDX and AES, it makes little difference in which chemical 
state the Ti atoms exist: pure Ti, TiAl 3 , TiO? , (C 5 H 5 ) 2 Til 2 , and so on. Titanium 
is detected independently of the other elements to which it is bonded. 

What makes AES so special is that the low-energy Auger electrons can 
penetrate only ~1— 2 nm (10-20 A) of material. This means that AES is limited 
to detection of atoms located in the uppermost 1- to 2-nm-thick surface layers 
of the specimen. Because it is a surface-sensitive technique, extreme cleanliness 
and a very high vacuum environment are required during analysis to prevent 
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FIGURE 2-8 



Photograph of an Auger electron spectrometer. Courtesy of Perkin-Elmer Physical Electronics Division. 



further surface contamination. The atomic detection limit of both EDX and 
AES techniques is about 1%. In the case of AES where the incident electron 
beam spot size is —100 nm, the volume sampled for analysis is [tt (100) 2 /4] x 
1 = 7850 nm 3 , which corresponds to about 400,000 atoms. Thus, under 
optimum conditions it is possible to detect about 4000 impurity atoms in the 
analysis. This astounding capability does not come cheaply, however. The 
commercial AES spectrometer shown in Fig. 2-8 costs more than half a million 
dollars. Auger analysis is used to determine the composition of surface films 
and contaminants in semiconductors, metals, and ceramics. An example of its 
use is shown in Fig. 2-9, 

Despite the fact that sophisticated analytical methods have been introduced 
here, both EDX and AES rely on energy transitions involving core electron 
levels. In closing, our debt to the framers of the quantum theory of electrons 
in atoms should be appreciated. 



2,4, ELECTRONS IN MOLECULES AND SOLIDS 



2.4.1, Forming a Hydrogen Molecule 

What happens to the atomic electrons when two or more widely separated 
atoms are brought together to form a molecule? This is an important question 
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FIGURE 2-9 



Case study involving AES. In hot-dip galvanizing, steel acquires a protective zinc coating after being dipped 
into a molten Zn bath. The iron and zinc react to form a compound that sometimes flakes off during 
fabrication. To prevent Fe-Zn reaction, 0.10% aluminum is added to the Zn bath. The very thin Al-rich 
layer that forms prevents the two metals from reacting. (A) The test specimen in this application shown 
schematically. (B) A magnified image of the Al-rich layer is analyzed at point I. (C) The resulting 
AES spectrum detected at point I reveals the presence of Al. Courtesy of Perkin-Elmer Physical 
Electronics Division. 
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FIGURE 2-10 



because by extension to many atoms, we can begin to understand condensation 
to the solid state. Whatever else happens, however, there must be a final overall 
reduction in the total energy of individual atoms when they interact and form 
stable molecules or solids. The quantum theories involved are very complex. 
One approach stresses replacement of atomic orbitals or wavefunctions by an 
equal number of molecular orbitals. To see how this works, let us consider 
two distant atoms of hydrogen (H) that are brought together to form a hydrogen 
molecule (H 2 ). Focusing only on the spherically symmetric Is charge distribu- 
tion, we note little change in each atom as long as they are far apart. But when 
they move close enough so that the two Is charge clouds overlap, the rules of 
quantum chemistry suggest two new molecular charge distributions. In the 
first of these, the electron density is enhanced in the region between the nuclei 
(Fig. 2-10A). This preponderance of negative charge binds the positively 
charged nuclei together; an energy reduction occurs in this so-called bonding 
orbital. In Fig. 2-10B the second possibility is shown. Here the electron charge 
density is enhanced on the side of each nucleus away from the other nucleus. 
Because little negative charge is left between the positive nuclei, the latter 
strongly repel each other on approach, and the energy rises. This is the case 
of the antibonding orbital. The overall electron energy versus distance of ap- 
proach for both orbitals is shown in Fig. 2-1 0C. Of note are the energy minimum 
and stable molecular configuration for the bonding orbital. But when the 
nuclei move too close, their mutual electrostatic repulsion begins to exceed the 
attraction caused by the electron density between them, and the energy rises. 




(A) Representation of electron cloud contours in the two-hydrogen-atom bonding orbital. There is a 
high electron density between the protons. (B) Representation of electron cloud contours in the two- 
hydrogen-atom antibonding orbital. The electron density between the protons is low. (C) Electron 
energies of the bonding and antibonding orbitals as a function of the internuclear distance. 
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In summary, recurring themes in the remainder of this chapter are: 

1. The splitting of one energy level into two (or more generally, N levels 
for N electrons) 

2. The minimum in the energy at an interatomic distance corresponding 
to the stable molecule (or solid) 

3. The rise in energy when the nuclei approach too closely. 



2.4.2. Electron Transfer in Ionic Molecules 



At a higher level of complexity consider the formation of a LiF molecule 
through interaction between initially distant and neutral lithium and fluorine 
atoms (Fig. 2-11). As we all know, Li is extremely reactive chemically (especially 
with water) because of the strong tendency to shed its 2 s valence electron. But 
this does not happen normally because Li can be stored as metal. An ionization 
energy of 5.4 eV is required to remove the electron and create a Li + ion. 
Similarly, the F atom exhibits a strong electron affinity, meaning that incorpora- 
tion of an electron into its incomplete 2 p shell is encouraged because it leads 
to an energy reduction of 3.6 eV. Interestingly, during ionization, the Li atom 
radius shrinks from 0.157 to 0.078 nm as it becomes a Li + ion. The reason is 
that the higher effective charge on the nucleus in the ion causes it to draw the 
remaining electrons toward it. Alternately, a lower effective nuclear charge in 
F“ causes the ion to expand to 0.133 nm from the initially uncharged F atomic 
radius of 0.071 nm. Information on atomic and ionic radii of the elements is 
given in Appendix A. Unlike the symmetrical electronic charge distribution in 
the hydrogen molecule, the electron density in the bonding orbital is large close 
to F~ and small near Li + . The reverse is true for the antibonding orbital. 

It should be noted that during electron transfer between these atoms as they 
draw close, there is actually a surprising increase in energy of 5.4 eV — 3.6 
eV = 1.8 eV! Why do they then react to form molecules? The answer is that 
the ions are not as close to each other as they could be. Account must be taken 
of the electrostatic force of attraction between the ions, which falls off with 
the distance (r) between them as r“ 2 . The potential energy of interaction ( U) 
associated with the force between these point charges is given by 



U = 



~<7 2 
4 77 6 q T ^ 



(2-9) 



where e 0 is a constant (known as the permittivity of vacuum) that has a value 
of 8.85 X 1(T 12 C/V-m. As r shrinks, Eq. 2-9 reveals that a point is reached 
where L7 = — 1.8 eV, and the energy is recovered; bringing the ions closer 
together lowers the energy further, leading to the net energy reduction required 
for bonding. But, if the Li and F ions are squeezed together even more tightly, 
the energy rises. This time the negatively charged, core electron clouds begin 
to repel each other. These repulsive forces have a very short range and hence 
their contribution to U is assumed to vary with r as +Br~”, where both B and 




2.4. ELECTRONS IN MOLECULES AND SOLIDS 



47 





- 0.156 nm 



0.266 nm 



FIGURE 2-1 I 



Formation of a LiF molecule. (A) Electronic structure and size of the isolated lithium and fluorine atoms. 
(B) Electron transfer from Li to F creating an ionic bond between Li + and F“ ions. 



n are constants. Because n typically ranges from 5 to 10, as r shrinks r~ n 
rises very rapidly, as seen in Fig. 2-12. Therefore, by adding attractive and 
repulsive components 

U = -q 2 /47T8 0 r + Br~\ (2-10) 

Nature knows how to strike a compromise, however, and the equilibrium 
distance r 0 prevails in the molecule when the attractive and repulsive forces 
balance; r 0 can be calculated by minimizing U with respect to r. Simple differen- 
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FIGURE 2-12 



Potential energy of interaction between two ions or atoms as a function of interatomic spacing. For two 
monovalent ions of opposite charge, A ~ </ 2 /47re 0 , and m = L 



tiation and solving for r yields r 0 = (47 re 0 wB/g 2 ) 1/( " _1) , when dU/dr = 0. The 
quantity g 2 /47?e 0 is evaluated to be 2.30 x 10 -28 N-m 2 , a number that will 
be useful in Example 2-5. 

The model just presented is essentially classical in that quantum theory was 
not used in any significant way. Nevertheless, a simple extension of these ideas 
is all that is needed to quantitatively describe the bonding of electropositive 
and electronegative ions, not in a single molecule, but in alkali halide solids 
containing huge numbers of atoms. This is done in Section 2-5. 

2.4.3. Electrons in Metals 

2.4.3. 1 . Core Electrons 

Electrons in metals experience a fate different from that of electrons in ionic 
materials. Neutral metal atoms have electron complements like those shown 
for Ti (Fig. 2-7). As the individual metal atoms approach each other they do 
not transfer electrons, one to the other — alkali halide style — because this is 
not profitable energetically. Rather, both the core and the outer electrons begin 
to interact because of electrostatic effects. At any distance of approach the 1 s 
electrons of a given atom will interact less with the core Is electrons of sur- 
rounding atoms than will the corresponding pairs of 2 s electrons. The reason, 
of course, is that the outer 2 s electrons will be closer to each other. And 
similarly, 2 p and 3 s electrons will interact even more strongly than 2 s electrons. 
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FIGURE 2-13 



Their charge clouds extend further from the nucleus, allowing greater overlap 
with the electron clouds of the neighboring atoms. As the interatomic separation 
distance is reduced, the strength of the electronic interactions intensifies in 
proportion to the extent of overlap. 

The resultant alteration of individual electron levels is shown for sodium 
metal in Fig. 2-13. Broadening of initially discrete levels is the key feature of 
this figure; it occurs as a consequence of the Pauli principle. Atomic electrons 
within the interaction volume are forbidden to have the same four quantum 
numbers n, /, m, and s. Instead, the quantum numbers for each electron assume 
slightly different values. This changes the overall electron energy in the process; 
in fact, energies are split into as many levels as there are electrons. Some new 
levels are higher than the original one, elevating the energy and contributing 
to antibonding effects; but importantly, new lower energy levels are produced 
and they are in the majority. As a reuslt, atoms are bound together in the solid 
because a net energy reduction is achieved. 

What emerges are energy bands, one for each of the original discrete atomic 
electron levels, that now contain enormous numbers of very closely spaced 
energy levels. The highest and lowest of these energy levels define the band- 
width, which changes as a function of interatomic spacing (Fig. 2-13). As before, 
very complex compromises are made to offset the attractive and repulsive 
interactions between electrons and ion cores. In sodium and metals of higher 
Z, the lower-energy core level bandwidths are narrow and do not overlap. It 




Interatomic separation (nm) 

Calculated overlapping 3s and 3 p energy levels in sodium metal as a function of interatomic separation. 
After J. C. Slater. 
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FIGURE 2-14 



is only the high-energy atomic electron levels that tend to be broadly split and 
experience overlap at the equilibrium spacing in the solid. 

2. 4.3. 2. Conduction Electrons 

The outermost valence electrons of metal atoms undergo similar, but even 
more extensive splitting than the core electrons. Because the properties of these 
electrons are so critical to the bonding, chemical, and electrical properties 
of metals as well as semiconductors, they are variably known as valence or 
conduction electrons. They have been the subject of much theoretical and 
experimental study and a simplified description of their properties is pre- 
sented here. 

One may imagine that a well or box of length L with impenetrable walls, 
shown in Fig. 2-14A, encloses this dense collection of electrons (e.g., one per 
atom) that are totally delocalized from the atoms. It is the nature of metals 
not to tolerate voltage differences or gradients across them but to develop a 
short circuit instead. Therefore, it is reasonable to assume that these electrons 
only see a constant electric potential (V), whose magnitude we may take to 
be zero everywhere. But electrons at zero potential are, by definition, free, and 
the de Broglie relationship implies they ought to have waves associated with 
them. If an electron moving in the x direction is considered, the longest wave- 
length (X) it can have is 2 L. Because the electron changes velocity (v) as it 
reflects from each wall, all of its possible associated waves have nodes there. 
The amplitude of these waves must vanish at the walls because electrons can 
never extend past them. This is a consequence of the essentially infinite value 
of V outside the well. 

In order of decreasing wavelength, the allowable values of X are 

X = 2L/1, 2L/2, 2 L/3, 2L/4, 2L/5, ..., lUn x 

(n x = integer), (2-11) 




(A) An electron particle in a cubic box that has impenetrable walls. (B) Allowed electron wavefunctions 
for the particle in the box. 
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as indicated in Fig. 2-14B. Mathematically they can be represented as sine 
waves of the form A sin 27 tx/K> where x is the distance from the left wall and 
A is a constant. The kinetic energy of these electrons is given by 

*2 



E = 2 m t v 2 = 

2 m t 

As \ = hip (Eq. 2-1), combination of Eqs. 2-1, 

h 1 nl 



( 2 - 12 ) 



2-11, and 2-12 yields 



E = 



8 m,L 2 



(2-13) 



In this formula n x is an effective quantum number that describes electron 
motion or wave propagation in the x direction. If account is taken of similar 
behavior in the y and z directions by including quantum numbers n y and n z 
in Eq. 2-13, the result is simply 

E = h 2 (n\ + n) + w 2 J/8m e L 2 . (2-14) 

As with atoms, four quantum numbers are still involved but the rules for 
selecting them are much simpler. Each electron state is defined by a triad of 
integer quantum numbers ( n x , n yy n z ) and contains two electrons with antiparal- 
lel spins, +i and — Conduction electrons must also obey the Pauli principle; 
therefore, no two electrons can have the same four quantum numbers. 



EXAMPLE 2-4 

a* How many conduction electron states are there in a cube of gold 1.0 cm 3 
in volume? 

b. Identify' the 10 lowest quantum states. 

c. What is the energy spacing between the two lowest levels? 

d. Suppose that one of the states having the highest energy has quantum 
numbers n x = 3.83 x l(f, n y = 0* and n \ = 0, What is the highest occupied 
energy level? 

ANSWER a. Each Au atom contributes one 6s conduction electron. Dimen- 
sional analysis shows that the number of Au atoms per cubic centimeter is 
N Au = N A {atoms/ mot) x p (g/cm VM All (g/mol). For Au, M Au = 197 and p 
(the density) = 19,3 g/cm'. After substitution, N Au = 6.023 X 10 2i x 193/ 
(197) = 5.90 X 10 22 cm \ This number of electrons can be accommodated 
in half as many, or 2.95 x U) 22 states, because of the two spm orientations. 

b. The 10 lowest quantum states are [100], [010], [001 j, [110], j 101]* [011], 
[111], [200], [020], and [002], Only 20 electrons can occupy these 10 states 
as each state accommodates two electrons. Equation 2-14 indicates that many 
of these different states (e.g., the first three) have the same energy. T his phenom- 
enon, known as degeneracy , is common for targe values of E because there 
are many equivalent combinations of the sums of squares of three numbers. 
It is obvious that the conduction electron distribution is highly degenerate. 
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c. The lowest energy is E 100 = h 2 { 1 + 0 + 0})/8 m e L 2 . After substitution, 
E 100 = (6.62 x 10" 34 J-s) 2 x l/[8 x (9.11 x 10" 31 kg) x (1CT 2 m) 2 ] = 
6.01 x 10“ 34 J = 3.75 x 10" 15 eV. The next higher energy level is E 110 with 
twice the energy or 7.50 x 10" 15 eV. Therefore, the spacing between levels 
is 3.75 x 10" 15 eV. 

d. After substitution in Eq. 2-14, E = {(6.62 X 10 -34 ) 2 X [(3.83 X 10 7 ) 2 + 
0 + 0]}/[8 x (9.11 x 10- 31 ) x (10“ 2 ) 2 ] = 8.82 x 10“ 19 J, or 5.51 eV. The 
width of the band is the difference in energy between highest and lowest levels, 
or 5.51 eV. 

This illustrative example is instructive for a number of reasons. From it one 
can appreciate the sort of numbers that describe electrons in metals. In even 
a tiny specimen there are huge numbers of them and they populate an extremely 
densely spaced set of discrete states. Because 10 22 to 10 23 electrons per cubic 
centimeter are compressed into a band that has an energy spread of only ~5 
eV, the conduction electrons are imagined to populate a continuum of states 
and described in such terms as free electron gas or sea. 

The elementary picture of metals that emerges views the ion cores as being 
immersed within a conduction electron sea. The latter also serves as a kind of 
glue that binds the nuclei together in the solid. Electrons move readily in 
response to very small applied dc voltages or electric fields, and this accounts 
for the high electrical conductivity of metals. High reflectivity of metals is also 
a consequence of the free electrons. When visible light shines on a metal the 
electromagnetic radiation excites these electrons to higher energy levels. But, 
as they fall back to lower levels, photons are reemitted as reflected light. The 
role of the free electrons in electrical conduction and other electronic and 
optical phenomena within metals and semiconductors is addressed again in 
Chapters 11, 12, and 13. 

In real metals, electrons are not so hopelessly confined to the impenetrable 
well of the above example. It is possible to transfer some electrons from metals 
into an adjacent vacuum by heating them to a sufficiently high temperature. 
The operation of vacuum tubes, including the TV picture tube, depends on 
this thermionic emission of electrons. As noted earlier, incident photons will 
also remove electrons provided they have sufficient energy. In both cases “suffi- 
cient’' means the work function energy (<j3>), a kind of electrostatic barrier 
that prevents conduction electrons from leaving the metal. A frequently as- 
sumed model for the electron structure of metals is depicted in Fig. 2-15, where 
the work function is typically 2—5 eV. Values for the highest occupied electron 
energy level (Fermi energy) and work function distinguish different metals. 

2.4.4. Electrons in Covalent Materials 
2.4.4. 1 . Nonmetals 

Electrons in many important engineering materials like diamond, Si, GaAs, 
polymers, and SiC participate in covalent bonding effects. But substances like 




2.4. ELECTRONS IN MOLECULES AND SOLIDS 



53 



Vacuum 






Fermi energy level 



© 

c 



♦ * t 1 HH » » J 










Conduction 

electrons 



l Core electron 

U U U U U 9 ' levels 

H H H H H ts 



Ion core 
" (nuclei) 



FIGURE 2-15 



Simple electron model of a metal consisting of individual unbroadened and broadened atomic core levels, 
surmounted by a distribution of conduction electrons. 



H 2 , which was treated above, F 2 , and CH 4 , together with hundreds of thou- 
sands of organic molecules, also exhibit covalent bonding. This type of bonding 
relies on neighborly sharing of electrons. Bond energies and lengths have been 
determined for a great number of covalently bonded atomic pairs and are listed 
in Table 2-1. 

For elements to bond covalently they must have at least a half-filled outer 
electron shell, for example, half of eight or four electrons in outer s plus p 
electron states. In the case of a chlorine atom there are seven such electrons 
(two 3 5 plus five 3p). Two Cl atoms share one electron between them and 
thus attain the eight necessary to fill each outer shell and achieve a stable Cl 2 
bonding configuration. To generally account for the number of covalent bonds 
required between elements a rule has been formulated: If the group number 
of the Periodic Table in which the element falls is N, then 8 - N covalent 
bonds are necessary to complete the outer electron shell . On this basis, 
Cl (N = 7) requires one and C(N = 4) requires four covalent bonds. 

2A4.2. Semiconductors 

Elements in the fourth column of the Periodic Table are the most important 
examples of covalent solids from an engineering standpoint. For this reason 
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TABLE 2-1 



COVALENT BOND ENERGIES 4 AND LENGTHS 



Bond 


Energy 

(kcai/mol) 


Energy 

(kj/mol) 


Bond length 
(nm) 


C— C 


81 


340 


0.154 


c=c 


148 


620 


0.134 


c=c 


194 


810 


0.120 


C— H 


100 


420 


0.109 


C— N 


69 


290 


0.148 


c— o 


84 


350 


0.143 


c=o 


172 


720 


0.121 


C— F 


105 


440 


0.138 


C— Cl 


79 


330 


0.177 


O— H 


110 


460 


0.097 


0—0 


33 


140 


0.145 


0=0 


96 


400 


0.121 


O— Si 


103 


430 


0.16 


N— O 


43 


180 


0.12 


N— H 


103 


430 


0.101 


H— H 


105 


440 


0.074 


Cl— Cl 


57 


240 


0.199 


H— Cl 


103 


430 


0.127 



1 Energy values are approximate as they depend on chemical 
environment. All values are negative for bond formation 
(energy is released) and positive for bond breaking (energy 
is absorbed). 

Source: J. Waser, K. N. Trueblood, and C. M. Knobler, 
Chem One, 2nd ed., McGraw-Hill, New York (1980). 



let us consider what happens to the electrons when silicon atoms are brought 
close together to form the solid. At first, electrons stemming from the same 
energy level (e.g., 3 s — 3 s and 3 p — 3 p ) overlap and split as described previously. 
But as atoms draw even closer electrons do not solely overlap with electrons 
of the same orbit. Rather, 3s and 3 p electrons overlap or mix in a significant 
way to yield the energy band structure shown in Fig. 2-16. This phenomenon 
is known as hybridization and leads to four hybridized electron orbitals that 
radiate outwardly from each silicon atom in a manner suggested by Fig. 
2-17A for diamond (which has the same structure) and explicitly in Fig. 3-6A. 
Each of these electrons pairs off with another like itself from neighboring 
silicon atoms to cement strongly directed covalent bonds. Complete electron 
sharing means that eight electrons will now surround each silicon atom and 
totally fill all of its four valence band states. There are no more electrons to 
go around and, therefore, the conduction band is empty. Unlike the situation 
for Na (Fig. 2-13) at the equilibrium distance (r 0 ), there is now a gap in the 
electron energy levels. There are no electron states and, therefore, no electrons 
possessing energies within the span defined by the energy gap, £ g . 
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FIGURE 2-16 



Formation of energy bands in silicon as isolated atoms are brought together. The admixture or hybridization 
of the 3s and 3 p electrons leaves an energy gap in the bands at the equilibrium spacing. 



In order of increasing electron energy the picture that emerges at 0 K is: 

1. Unbroadened Is, 2s, and 2 p, core levels. 

2. A much broadened, filled band of admixed 3 s-ip states commonly 
known as the valence band 

3. An energy gap 

4. A broadened, empty conduction band of admixed 3s-3p states 

Electrons in diamond and germanium have similar band structures and 
display comparable covalent bonding effects. One difference is that 2$-2p and 
4s-4p hybridized states are involved respectively in C and Ge. And whereas 
the energy gap (E g ) is 1.12 eV in silicon, E g = ~6 eV in C and E g = 0.68 eV 
in Ge. The low expenditure of energy required to promote electrons into the 
conduction band facilitates charge motion and makes solid-state semiconductor 
devices possible. Further discussion of the implications of the electronic struc- 
ture of semiconductors is deferred until Chapter 12. 

2.4.4.3. Carbon 

Carbon is a truly remarkable element that exists in a number of polymorphic 
forms, each possessing strikingly different structures and properties. It has 
already been noted that carbon atoms in diamond form covalent bonds with 
one another the way silicon atoms do. The four tetrahedral bonds reflect the 
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FIGURE 2-17 




0.4 eV 




Polymorphic forms of carbon: (A) Diamond. (B) Graphite. (C) Buckminsterfullerenes. The inset shows 
that in order of increasing carbon bond stability are the polymorphs C 60 , diamond, and graphite. After 
A. H. Hebard, AT&T Bell Laboratories. 



geometric configuration; electronically, the bonds consist of four so-called sp 3 
hybridized orbitals. The latter confer diamond’s fabled hardness and high 
stiffness. With no conduction electrons, diamond is a poor conductor of electric- 
ity. Recent years have witnessed a plethora of new diamond materials that 
have been prepared in bulk and thin film form. Varied applications include 
abrasive grit for grinding, hard cutting tools for machining, and wear-resistant 
coatings on computer hard disk drives. 
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Graphite, another polymorphic form of carbon, consists of a hexagonal 
layered structure (Fig. 2-17B). Instead of three-dimensional tetrahedral bonding 
as in diamond, each carbon atom shares electrons with three other coplanar 
carbon atoms. In the planes or layers, strong covalent bonds hold atoms to- 
gether. Weaker, so-called van der Waals forces (see Section 2.5.2) emanating 
from the fourth electron act normal to these layers. They serve to bond the 
layers to one another, but not strongly, accounting for the slippery, lubricated 
feel of graphite. This is the reason for the anisotropic behavior of graphite, 
meaning it exhibits different properties depending on direction. Desirable prop- 
erties include chemical inertness, high electrical conductivity, stiffness, and 
temperature stability, as well as a low thermal expansion coefficient and density. 
These attributes are the basis of graphite use in furnace crucibles, large elec- 
trodes, electrical contacts, and engineering composites. Normally graphite is 
formed by subjecting carbon black particles, tar, pitch, resins, and other materi- 
als to the extremely high temperature of ~2500°C, where it is the stable form 
of carbon. 

A last and intriguing polymorph of carbon was discovered in 1985 and has 
the structure shown in Fig. 2-17C. Years earlier Buckminster Fuller invented 
the geodesic dome. As this architectural structure bears a strong resemblance 
to the depicted molecules, the latter are known as buckminsterfullerenes; and 
because they resemble a soccer ball, they are also known as bucky balls . The 
molecule is composed of no fewer than 60 carbon atoms, and denoted by C 60 . 
Each carbon atom bonds covalently to three others, forming both hexagonal 
and pentagonal rings. Presently a scientific curiosity, applications for C 60 are 
being explored. 

Unlike these polymorphs, carbon also bonds to elements other than carbon 
(e.g., H, O, N, S) in hydrocarbons and organic compounds. Polymeric materials 
are the most important engineering examples and they are introduced in Chap- 
ter 4. 



2.5. BONDING IN SOLIDS 



2.5.1. Interaction of Atomic Pairs 

Until now a mostly microscopic view of solids has emerged in terms of 
behavior of individual atomic electrons. Next in the structural hierarchy are 
individual atoms. Interestingly, there is a way of differentiating solids based 
on atomic interactions that parallels interactions between electrons . The simi- 
larity lies in the nature of the potential energy of interaction (U) between 
electrons or atoms as their distance of separation (r) is reduced. Complexities 
of quantum electron levels, energies, and charge distributions are replaced in 
favor of the integrated response of a pair of atoms. These are assumed to 
interact in a classical manner that can be described in mathematically simple 
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ways. We have already considered bonding in an ionic molecule using this 
approach in Section 2.4.2. Additionally, Figs. 2-10, 2-12, 2-13, and 2-16 should 
be contrasted for their distinctions and compared for their similarities. 

The huge collection of atoms that condense to form a solid is very different 
from an interacting pair of atoms that form a molecule. But there still are 
attractive and repulsive forces exerted by neighboring atoms. With little loss 
in generality, what is true for a pair of interacting atoms can be extended to 
the entire solid. A commonly employed expression for U, applicable to atoms 
in solids, is given by 

U = - Air + Br\ (2-15) 

where A, B, m , and n are constants. As before, the second term represents the 
repulsive interaction between atoms while the first term is the corresponding 
attractive contribution to binding. If m = 1 we have the case of the alkali 
halide solid. Although A, B, and n generally have different values in the ionic 
solid compared with the molecule (Eq. 2-10), a plot of Eq. 2-15 resembles that 
of Fig. 2-12. In condensed materials with weaker secondary bonds that keep 
molecules attached to one another (e.g., polymers, ice, liquid gases), m and n 
are frequently taken as 6 and 12, respectively. A number of physical associations 
can then be made using Eq. 2-15 and they are considered in turn. 

2.5. 1. 1 . Equilibrium Distance of Atomic Separation (r 0 ) 

The equilibrium distance of atomic separation (r 0 ) was considered previ- 
ously in Section 2.4.1. Differentiating U with respect to r yields dUldr = 
mA/r m+1 — nB/r tl+l . At the equilibrium separation, dU/dr = 0, and solving 
yields for the critical value of r (=r 0 ), 

r 0 = ( nB/mA) V{n ~ m) . (2-16) 

In crystalline solids r 0 can be associated with the lattice parameter a, of which 
more will be said in the next chapter. 

2.5. 1.2. Binding Energy ( U Q ) 

In forming a solid, N widely spaced atoms in a gas phase can be imagined 
to condense according to the chemical reaction 

NG NS + [7 0 , 

where G and S refer to the gas and solid atoms. In the process there is an 
energy reduction of amount U 0 . Usually known as the binding or bonding 
energy, it is given by the depth of the energy trough. If generalized to a mole 
of atoms, U Q would refer to the molar energy to break bonds and decompose 
the solid. The reason can be seen by considering the reverse chemical reaction 
where input of (thermal) energy U 0 would cause S to convert to G, and atoms 
to separate from r 0 to r = <». A practical measure of the magnitude of U 0 is 
the heat liberated when elements react to form the solid. The sublimation 
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energy of the solid (energy to transfer atoms from the solid to the vapor) is 
another widely used measure of U 0 . Both measures of U 0 are entered in Table 
2-2 for selected solids. Experimentally, U 0 is generally proportional to the 
melting temperature of the solid. Substitution of r 0 (Eq. 2-16) into Eq. 2-15 
yields a theoretical estimate of U 0 , provided A and B are known. 

2.5. L3. Forces between Atoms 

In mechanical systems the force F is often equivalent to —dU/dr. But this 
quantity was already calculated above and is given by 

F = -dU/dr = -alr M + br~ N , (2-17) 

where a = mA, b = nB , M = m + 1, and N = n + 1. The equations repesenting 
F and U are thus algebraically similar. So is the plot of F versus r (Fig. 2-1 8 A), 
but it is shifted to the right of the U—r curve. This curve must cross the axis, 
or be zero at r = r 0 , the equilibrium spacing, because the forces of atomic 
attraction balance those of repulsion at this critical distance. If the F—r curve 
is flipped over (as in Fig. 2-1 8B), it is now consistent with easy-to-visualize 
force displacement behavior; more importantly, it resembles the stress—strain 
curve, a representation used in Chapter 7. 



TABLE 2-2 



VALUES OF MELTING POINT (T„), BINDING ENERGY ( U 0 ), YOUNG’S MODULUS (E y ) f AND 
COEFFICIENT OF THERMAL EXPANSION (a) FOR SELECTED MATERIALS 



Material 


rc) 


U Q (kj/moiy 




£, (GPa) 


a (I0 -6 °C _I ) 


NaCl 


801 


7 65* 


413** 


211*** 


49 


40 


KCl 


776 


688* 


436** 


198*** 




100 


LiF 


842 


988* 


612** 


269*** 


112 




MgO 


2800 


3891* 


603** 




293 


13.5 


Si0 7 


1710 




879** 




94 


0.5 


AIA 


2980 




1674** 




379 


oo 

bo 


S6N 4 


1900 




749** 




310 


2.5 


wc 


2776 








720 


4.0 


Diamond 


—4350 






713*** 


1050 


1 


Si 


1415 






366*** 


166 


3 


Ge 


937 






384*** 


129 




AI 


660 






319*** 


70 


22 


Cu 


1083 






338*** 


115 


17 


Fe 


1534 






398*** 


205 


12 


W 


3410 






-770*** 


384 


4.4 


Polyethylene 










-0.35 


-150 


Nylon 










-2.8 


1 

o 

o 



a The three measures of l/ 0 are physically different: * Energy liberated upon formation from the 
ions at 298 K. ** Heat liberated upon formation from the elements (atoms) at 298 K. *** Heat 
of sublimation. 

Data were taken from various sources. 
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A 



B 



c 



Iq- 




j 1 1 Elastic range 



Force between atoms as a function of the interatomic spacing. (A) Plot of F = - dU/dr versus r. (B) 
Plot of F — + dU/dr versus r. The range of elastic response is indicated. 

Let us focus our attention on the unloaded solid, that is, F = 0, r = r 0 . If 
the solid is extended by pulling or applying a tensile load, atomic bonds are 
stretched and r > r 0 . And similarly, if the solid is compressed, atoms are 
squeezed together and the bonds contract. If these loads are not too high and 
then removed, the solid snaps back elastically like a spring. In fact, atomic 
bonds are often thought of as springs whose dynamical behavior is familiar. 
For an atomic displacement of 8 = r - r 0 , the force on the atomic bonds is 
given by F = -k s (r - r 0 ), where 6 S is the spring constant. The negative sign 
means that a positive 8 establishes an oppositely directed restoring force. A 
mathematical definition of the spring constant is k s = — (dF/dr) r=ro , and this 
is equivalent to k s = {drUldr l ) r=r ^ For a given 8, atomic forces between atoms 
are large when k s is large; this is the case in stiff solids. For example, average 
atomic bonds in bronze (a copper-tin alloy) are stiffer than those in lead, and 
this is reflected in the choice of the former metal in bells, 

2.5. 1.4. Young’s Modulus 

Solids are placed in a state of stress by applying external loads to their 
surfaces, in which case they strain. Just how these loads are transmitted through 
the solid to exert forces on and stretch individual atomic bonds is not obvious. 
Nevertheless, extending the spring analogy, we may write a similar relationship 
between the stress and strain. Although these terms are defined more precisely 
in Chapter 7, stress is defined here as —F!r\ (or bond force per unit atomic 
area). Similarly, the dimensionless strain is assumed to be defined by 8/r 0 . 
Hooke’s law expresses the fact that stress is linearly proportional to strain, 
that is, -Fir l = E y 8/r 0 . The constant of proportionality, E y , is known as the 
elastic or Young’s modulus and is given by -r $ 1 F/8. But F = -dU/dr and 
8 ~ dr, so that E y can be approximately expressed as E y r$ 1 ( dFldr) r or 




E y ~r 0 x (d 1 UldrX< , 



( 2 - 18 ) 
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Materials whose Uvsr curves are deeply set (large U 0 ) and highly curved 
at r 0 tend to be stiff and have high elastic moduli. Physically, strains are small 
in high-E y materials because the steep U vs r walls imply a sharp energy increase 
with r. 

Young's moduli of selected materials are listed in Table 2-2. In general the 
higher the melting point of the solid, the larger the modulus of elasticity. 



a. How does Young’s modulus depend on r n m alkali halide solids? 
h. If the equilibrium distance between Na and Cl ions in rocksah is 0.282 
nm (2.82 x 10 10 m), estimate the binding energy of a single NaCl molecule 
if it is assumed that n — 9.4. 

ANSWER a. Young’ s modulus is given by E y — — ( 1/r^) ( dFidr ) r . Differentia- 
tion of Eq, 2-17 with respect to r 0 yields (dF/dr)r 0 = m(m + l)A/rg +1 - 
n{n + l)B/r™* : . Through Eq. 2-16, the constants B and A are related by 
B = (mAfn)r$~ m . Substituting for B yields [dFfdr)r (} = m(m — JiM/rff* 1 , 
or E v — — n)Air™ 

In alkali halides m - 1 and, therefore, £, varies as — l/r^ +1 = r^ 4 . The 
predicted dependence of E on the inverse fourth power of r 0 has been observed. 

h. In NaCl, m = 1 and A = q 2 /47re 0 — 2.30 x 10 28 N — nr. Simple 
substitution of the expression for r 0 (Eq. 2-16) into Eq, 2-15 yields t/y = 
— Atq” {I — min) after a bit of algebra. Upon evaluation, U 0 = —2.30 x 
lO' 2 ® (2.82 x 10- 10 )- 1 (1 - 1/9.4) « 7.29 x 10" t9 N - m (J). For a mole 
ofNa'-CI~ ion interactions, t/ 0 = -6.02 X 10 2j x 7.29 x 10^ 19 - -439 kj, 
A value of L T 0 for solid NaCl based on experiment is —765 kj/mol. The 
cause of the discrepancy is the neglect of an exactly calculable factor known 
as the Madtlung constant. This constant, related to the geometry of the electro- 
static interaction of all the Na' and Cl" ions in the ordered solid state, has a 
value of 1.748 in the rocksalt structure (See Fig. 3-7). Multiplying by this 
factor yields U Q = - 1.748 x 439 = —767 kj mol, in excellent agreement with 
experiment. Note that t/ s , refers here to the energy reduction when ions (not 
atopns) condense to a solid (see Table 2-2). 

2.5. 1.5. Thermal Expansion 

When atoms in a solid vibrate they undergo displacements that are limited 
by the walls of the U versus r potential well. Imagine a perfectly symmetrical 
or parabolic well; the thermally induced atomic motion in the positive and 
negative r directions will always average to r = r 0 . And as the temperature is 
raised the amplitude of vibration increases but the average value of r is still 
r 0 . Hence there is no thermal expansion. 
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Consider, however, what happens when the potential well is asymmetrical \ 
as shown in Fig. 2-19. At temperature the average displacement or midpoint 
between the well walls falls slightly to the right of r 0 . And at T 2 (T 2 > Tj) 
the average position lies even further to the right of r 0 , and so on. In this case 
the material thermally expands. 

All materials expand to one extent or another when heated and the coefficient 
of thermal expansion (a) is the material property that measures this tendency. 
By definition 



^ IdL 
LdV 



(2-19) 



where L is a unit length of material. Because the attractive portion of the U 
vs r curve is less steep than the repulsive component, the displacement of the 
mean equilibrium position relative to r 0 increases with T, and a has a positive 
value. Thermal expansion coefficients for selected materials are listed in Table 
2-2. In general, small coefficients of thermal expansion are observed in high- 
melting-point materials and vice versa. 



Show that Young's modulus decreases with temperature, i.e., dEJdT < 0* 

ANSWER To demonstrate this we use the formula E = (— m{m - ft) A)/ 
Tq* 1 from illustrative problem Example 2-5. Differentiating, dEJdT = 
+ [m[m - n) A{m + 3)/ry 4 ] { dr 0 IdT ), If r 0 is substituted for L, then by 
Eq. 2-19, a = {Ur Q )(dr^dT). Finally, dEJdT = + \m[m - n)A(m + 3)/ 
a . Because n > m, and all other terms are positive including a, the 
sign of dE^idT is negative. 

The decline in E y with a rise in T is indeed observed in materials. This 
subject is addressed again in Section 7.2.4. 

2.5.2. Bonding Classifications 

In Chapter 1 it was mentioned that metals, ceramics, semiconductors, and 
polymers constitute our engineering materials. Indeed, the remainder of the 
book is devoted to their properties. But from a scientific standpoint there are 
other ways to classify solids. Of the main bonding categories in this new 
classification scheme — metallic, covalent, and ionic — three have already been 
introduced. But nature only broadly tolerates classification schemes, the less so 
when so few categories are available to compartmentalize so much phenomena. 

Metals like Au, Ag, and Cu, covalent solids like diamond, and ionic materials 
like NaCl and other alkali halides are reasonably pure exemplars of the three 
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FIGURE 2-19 




Schematic representation of atom vibrating in an asymmetrical well defined by the U vs r potential. In 
this case the average displacement increases with temperature and there is thermal expansion. 



distinct bonding mechanisms; however, atoms in most materials are bonded 
by an admixture of mechanisms. Transition metals with incomplete inner shells 
(e.g., Fe, Ni, W, etc.) have some covalent character through nearest-atomic- 
neighbor sharing of core electrons. This gives metallic bonds a directional 
character that strengthens them, resulting in high melting points. Metals whose 
core electron complement is complete (e.g., Zn, Mg) have no way to bond 
covalently and largely melt at lower temperatures. Compound semiconductors 
like GaAs have a small amount of ionic character, CdTe more so. Conversely, 
ionic solids like A1 2 0 3 and Si0 2 have strong covalent character. Sorting it all out 
is nightmarish. The thing to remember is that these three bonding mechanisms 
cement strong primary bonds by transferring (ionic) and sharing (covalent, 
metallic) electrons. Primary bonds have energies ranging from ~1 to 10 
eV/atom ( — ^ 1 00 to 1000 kj/mol). 

The remaining bonding mechanisms establish weak secondary bonds typi- 
cally possessing only a tenth (or less) of the energy of primary bonds. Although 
primary bonds largely originate from direct point charge interactions, second- 
ary bonds stem from second-order coupling of weaker dipole charge distribu- 
tions. A dipole consists of closely spaced positive and negative centers of charge. 
For example, in the water molecule oxygen is the seat of negative charge while 
an equal amount of positive charge is covalently shared with the two hydrogen 
atoms. The molecular geometry of water is V-shaped, with an effective dipole 
composed of the negative charge at the O apex and positive charge along the 
two legs set at an angle of 105°. The dangling H atoms or protons (as they 
have lost electrons to the oxygen) can couple to oxygen atoms of other water 
molecules in chains. In ice they polymerize into a three-dimensional array that 
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extends throughout the solid as shown in Fig. 2-20. Hydrogen bonding is the 
name given to this bonding mechanism because protons are the bridge that 
connects the anions of molecules together. This bonding mechanism is also 
operative between molecules containing permanent dipoles composed of hydro- 
gen and strongly electronegative elements, for example, HF and HC1. Hydrogen 
bonds are appreciably weaker than chemical bonds but stronger than the van 
der Waals bonds considered next. 

The most important examples of secondary bonding arise from van der 
Waals interactions. Dipoles are also involved here but they are not permanent 
in nature. The classic example of such bonding occurs in inert gases. Outer 
electron shells are completely filled and the molecule is not only electrically 
neutral, but the negative charge appears to be symmetrically distributed about 
the positive nucleus. What then is the mechanism that causes atoms of argon 
to condense, first as a liquid and then as a solid, as the temperature is successively 
reduced? Even in the vapor phase slight deviations in the perfect gas law for 
all kinds of gases were recognized by van der Waals because molecules weakly 
attracted one another. Apparently, weak dipole moments form and disappear 
as small electronic charge imbalances are continually created about the nucleus. 
The orientation of these fluctuating dipoles constantly changes in neighboring 
atoms or molecules. But on average, weak dipole-dipole interactions exert 
slight tugs of attachment and nondirectional bonds are produced. Such fluctu- 
ating dipole bonds are collectively known as van der Waals bonds. The attrac- 
tive energy of interaction falls off rapidly with distance, that is, as r“ 6 , in 



Structure of ice shown in (A) side and (B) top views. (Also see Fig. 3-22D.) Intramolecular covalent 
bonds exist within the H 2 0 molecule. Intermolecular hydrogen bonds link H 2 0 molecules together. From 
K. M. Ralls, T. H. Courtney, and J. Wulff, Introduction to Materials Science and Engineering, Wiley, New 
York (1976). 
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contrast to the slower decay in ionic bonding. Bonding energies of —0.1 
eV are typical. 

To complicate bonding issues further there are materials that simultaneously 
possess both primary and secondary bonds. Nitrogen gas is an example. In a 
single molecule the atoms are covalently bound, but in liquid nitrogen at 77 K 
van der Waals forces hold the molecules together. Simply pouring the liquid 
gas on a warmer surface is sufficient to destroy the weak secondary bonding. 
Long-chain molecules in polymeric solids are very important engineering exam- 
ples and are treated at length in Chapter 4. So-called intramolecular (within 
the molecule) carbon-carbon and carbon-hydrogen bonds are covalent and 
strong. Covalent C— C bonds along the spine are admixed with the far weaker 
intermolecular (between molecules) van der Waals bonds that link adjacent 
linear molecules together. Property admixtures can therefore be expected based 
on the proportion of intra- and intermolecular bonding. 

Not only does van der Waals bonding occur in atoms and molecules of the 
same type, but it occurs across interfaces of dissimilar materials; indeed it is 
responsible for adhesion effects in films and coatings. For example, the molecu- 
lar composition and nature of paint constituents (organic plus ionic) differ 
from those of the metal surface they coat. Primary chemical bonds across such 
interfaces do not form and adhesion is a problem that is overcome by weak 
van der Waals bonds. There are three categories of van der Waals bonds 
(London, Debye, and Keesom types) dependent on whether neither, one, or 
both of the paired atoms or molecules possess electric dipoles. 

2.5.3. Material Properties 

The chapter ends with a comparison among the different bonding mecha- 
nisms and the material property trends they foster. This is done in a self- 
explanatory way in Table 2-3, where assorted properties are compared. Because 
there are reasonably large property variations within particular bonding groups, 
comparisons are approximate. 



2.6. PERSPECTIVE AND CONCLUSION 



This chapter has provided a panoramic view of what materials are composed 
of and what holds them together. More than any other chapter in the book it 
enables distinctions to be drawn between materials and their properties. A 
dichotomy exists between the quantum description of solids in terms of atomic 
electrons , on the one hand, and classical models involving interacting pairs of 
atoms that attract and repel one another, on the other hand. In the former, 
the approach is to enumerate possible electron states (defined by quantum 
numbers) of individual atoms, their occupation by electrons, and their fate 
when atoms are brought together in solids. The latter assumes that whole 
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TABLE 2-3 



BONDING TYPES AND PROPERTY TRENDS 



Property 




Bonding type 




Metallic 


Ionic 


Covalent 


Secondary 


Magnitude of 


Large (3) J 


Very large (1) 


Very large (2) 


Very small (4) 


Melting point 


High (3) 


High (1, 2) 


High (1,2) 


Very low (4) 


Magnitude of E y 


High (2) 


High (L) 


High (1) 


Very small (4) 


Magnitude of a 


Small (2) 


Small (3, 4) 


Small (3, 4) 


Large (1) 


Hardness (strength) 


High (3) 


High (2) 


High (1) 


Very low (4) 


Toughness 


High (1) 


Low (4) 


Low (2) 


Low (3) 


Density 


High (1) 


Medium (3) 


Medium (2) 


Low (4) 


Electrical conductivity 


High (1) 


Low (3, 4) 


Medium (2) 


Low (3, 4) 


Thermal conductivity 


High (1) 


Low (4) 


Medium (2) 


Low (3) 


Optical reflectivity 


High (1) 


Low (3, 4) 


Medium (2) 


Low (3, 4) 


Chemical reactivity 


High (1) 


Low (4) 


Low (2, 3) 


Low (3, 4) 



a 1 = highest, 4 = lowest. 



atoms, which integrate and smooth the complex behavior of subatomic parti- 
cles, interact according to mathematically simple physical laws. A guiding 
operative principle in either case is that stable bonding configurations are the 
outcome of minimizing the energy that resides in electrons and atoms. In both 
cases compromises must be struck between attractive and repulsive forces, the 
resultant of which yields very precise solid-state atomic positions and well- 
defined bond energies. 

Knowledge of atomic electron energy levels and transitions between them 
has been capitalized upon in assorted electron (AES) and X-ray spectrometers 
to identify atoms. These instruments have been indispensable tools in character- 
izing surface layers and interfaces in all classes of materials, particularly in 
microelectronics technology. Together with high-resolution electron micros- 
copy (discussed in the next chapter), these methods have provided much of 
our information on the structural and bonding character of atoms within solids. 

Generally speaking, hard, high-strength materials are the legacy of strong 
primary bonds. These are found particularly in ionic and covalent solids as 
well as in many metals. As we shall see later in the book, high electrical and 
thermal conduction and optical reflectivity go hand in hand with the availability 
of large numbers of mobile electrons, and metals have these in the greatest pro- 
fusion. 

There are, of course, materials that defy classification or exhibit anomalous 
behavior in particular composition and temperature ranges. Excellent examples 
are the high-temperature ceramic superconductors (e.g., YBa 2 Cu 3 0 7 ), which 
are outwardly ionic but behave as metals. They have a schizophrenic nature 
as do semiconductors that exhibit attributes of both ionic and metallic charac- 
ter. In design work, engineers must anticipate typical or expected property 
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trends within material categories. But one must also be particularly alert to 
deviations from expected behavior; for example, diamond, a covalent solid, 
conducts heat better than any metal. This is what imparts excitement to the 
subject of materials. 

Additional Reading 

R. J. Borg and G. J. Dienes, The Physical Chemistry of Solids y Academic Press, Boston (1992). 
L. Smart and E. Moore, Solid State Chemistry: An Introduction , Chapman & Hall, London (1992). 
J. Waser, K. N. Trueblood, and C. M. Knobler, Chem One , 2nd ed., McGraw-Hill, New 
York (1980). 



QUESTIONS AND PROBLEMS 



2 - 1 . a. How many atoms are there in a pure silicon wafer that is 15 cm in diameter 
and 0.5 mm thick? 

b. If the wafer is alloyed with 10 16 phosphorus atoms per cubic centimeter 
what is the atomic fraction of phosphorus in silicon? 

2 - 2 . Aluminum has an atomic density of 6.02 x 10 22 atoms/cm 3 . What is the 
mass density? 

2 - 3 . How many grams of Ni and A1 are required to make 1 kg of the compound 
Ni 3 A1? 

2 - 4 . What energy is associated with the absorption of the smallest quantum of 
vibrational energy in a typical solid? 

2 - 5 , A helium-neon laser beam is rated at 0.005 W and emits light with a wavelength 
of 632,8 nm. How many photons are emitted per second? 

2 . 6 . a. What is the de Broglie wavelength associated with an electron traveling at 
1 x 10 6 m/s? 

b. What is the de Broglie wavelength associated with a 3000-lb car traveling 
at 55 mph? 

2 - 7 . a. The wavelength of a copper X ray is 0.154 nm. What is the momentum 
associated with it? 

b. When an X ray is emitted, the Cu atom recoils much like a rifle discharging 
a bullet. What momentum would be imparted to a free Cu atom upon X- 
ray emission? 

c. What is the recoil velocity of the atom? 

2 - 8 . a. What is the expected ionization energy of the 3s electron in Na? 

b. The actual ionization energy of Na is 5.2 eV. How do you account for the 
difference between the two values? 

2 - 9 . Calculate the energy and wavelength of the photon emitted when an electron 
in a titanium atom falls from the n - 3 to the n = 1 state. 

The next several problems are based on the electron energy levels (in eV) 
for the elements listed in the following table and identified in Fig. 2-7. 
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2 - 10 . 



2 - 11 . 



2 - 12 . 



2 - 13 . 



2 - 14 . 



2 - 15 . 



2 - 16 . 



Element 


K 


L, 


L, 


*3 


M, 


Mi, 3 


M.,s 


Cr 


5,989 


695 


584 


575 


74.1 


42.5 


2.3 


Cu 


8,979 


1,096 


951 


931 


120 


73.6 


1.6 


Mo 


20,000 


2,865 


2,625 


2,520 


505 


400 


229 


W 


69,525 


12,100 


11,544 


10,207 


2820 






a. Create an energy level diagram for Cu. 









b. What is the energy of the photon emitted in the M 3 — > K electron transition 



in Cu? 

c. In what range of the electromagnetic spectrum (visible, infrared, X-ray, etc.) 
does this photon lie? 

d. Repeat parts (b) and (c) for the M 4 5 — > M 2>3 transition. 

a. Will electrons that travel at velocities of 4.7 x 10 7 m/s have enough kinetic 
energy to eject the K electron from Cr? Can they eject Mo K electrons? 

b. Does a photon with a wavelength of 0.161 nm have enough energy to eject 
a K electron from Cu? Can it eject the Cr K electron? 

The metals listed in the previous problem are all used commercially as targets 
in X-ray generating tubes (see Section 3.4.1.). 

a. What is the photon wavelength corresponding to the L 3 — » K electron 
transition in each metal? This transition gives rise to the so-called K a] X ray. 

b. X-ray tubes with Cu, Cr, Mo, and W targets were mixed up in a laboratory. 
To identify them they were operated sequentially and the K a ^ wavelengths 
were measured with an EDX system. The first tube tested yielded a wave- 
length of 0.0709 nm. What is the target metal? 

Moseley’s law of atomic physics suggests that the energy of K X rays varies 
as (Z — l) 2 , where Z is the atomic number of the element. Plot the K a ^ X-ray 
energies for Ti, Cr, Cu, Mo, and W versus (Z - l) 2 so that a straight line 
results. Based on your plot what are the energy and wavelength of K Q] X rays 
in Sn? 

Fluorescent X-ray analysis from an automobile fender revealed a spectrum 
with lines at 5.41 keV (intense) and 5.95 keV (less intense) and a weaker line 
at 8.05 keV. Interpret these findings. 

During the Renaisance the white pigment used in oil paints was lead oxide. 
In the 19th century zinc oxide was used as well. In more recent times titanium 
oxide has been the preferred choice. A painting suspected of being a forgery 
is examined by EDX methods and yielded 75-keV Ka x X rays from a region 
painted white. Pending further investigation what, if anything, can you infer 
about the painting’s age? {Hint: See Problem 2-13.) 

The chemical composition of a series of binary Cu-Ti alloys is calibrated by 
measuring the relative intensity of fluorescent X rays emitted. For pure Cu the 
rate of X-ray emission is measured to be 1562 (photon) counts per second 
(cps), whereas 2534 cps was detected from pure Ti. The alloy yields a rate of 656 
cps for Cu plus 1470 cps for Ti X rays. What is the overall alloy composition? (In 
all cases the same sample and measurement geometry were employed and a 
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2-17. 

2-18. 

2-19. 

2 - 20 . 

2 - 21 . 

2 - 22 . 

2-23. 

2-24. 

2-25. 



linear composition calibration is assumed.) Is the composition measured in 
weight or atomic percent? 

Elemental analysis of the heavy metals by EDX methods is virtually independent 
of what phase (solid, liquid, gas) or state of chemical bonding (metallic, ionic, 
covalent) is involved. Why? 

A common form of the potential energy of interaction between atoms is given 
by L7 = — Air 6 + B/r 12 , where A and B are constants. 

a. Derive an expression for the equilibrium distance of separation in terms of 
A and B. 

b. If r 0 = 0.25 nm, what is the ratio of B to A? 

c. Derive an expression for the energy at the equilibrium separation distance 
in terms of A . 

Consider a one-dimensional linear material consisting of ions of alternating 
charge separated by distance a as shown. 

- a + a - a A a — a + 

Starting with any ion derive an expression for the electrostatic attractive energy 
between it and its two nearest-neighbor ions. Then add the repulsive energy 
between it and the two next nearest-neighbor ions. Continue in this manner 
and show that the sum of resulting terms is given by C7 = ( — 2 In 2 q 2 )/(47T £ 0 a). 
In cesium chloride the distance between Cs and Cl ions is 0.356 nm and n — 
10.5. What is the molar energy of a solid composed of Avogadro’s number of 
CsCl molecules? 

For the Li— F molecule what is the magnitude of the force of attraction between 
the two ions if the equilibrium separation distance is 0.201 nm? What is the 
magnitude of the repulsive force between these ions? 

Ionic solids LiF and NaBr have the same structure as NaCl. For LiF, n = 5.9 
and r 0 = 0.201 nm, whereas for NaBr, n — 9,5 and r 0 = 0,298 nm. 

a. Which of these materials is expected to have a higher modulus of elasticity? 

b. Calculate the molar energy of ionic interactions for both materials. 

A cation of Mg 2+ and an anion of O 2- are brought together. 

a. Write an expression for the Coulomb energy of attraction. 

b. If these two ions come to rest at the equilibrium distance of 0.201 nm, 
what is the value of the Coulomb energy? 

c. If MgO has a molar energy of 603 kj calculate the values of both n and B. 

a. Opposite sides of a rocksalt crystal are pulled to extend the distance between 
neighboring ions from r 0 = 0.2820 nm to r = 0.2821 nm. Similarly, during 
compression, ions are squeezed to within a distance of 0.2819 nm. Compare 
the value of the tensile (or extension) force developed with that of the 
compressive force reached. Are they the same? 

b. Repeat the calculation if the final distances are 0.2920 nm for extension 
and 0.2720 nm in compression. 

Atoms on the surface of a solid make fewer bonds with surrounding atoms 
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2 - 26 . 

2 - 27 . 

2 - 28 . 

2 - 29 . 

2 - 30 . 

2 - 31 . 

2 - 32 . 

2 - 33 . 

2 - 34 . 



than do interior atoms. Sketch, in schematic fashion, the interatomic potential 
of surface and interior atoms as in Fig. 2-12. 

Provide a reasonable physical argument for each of the following statements. 

a. The higher the melting temperature of the solid, the greater the depth of 
the potential energy well. 

b. Materials with deep energy wells are likely to have a more symmetrical 
potential energy curve. 

c. Materials with high melting points tend to have low coefficients of ther- 
mal expansion. 

d. Materials with high melting points tend to have large moduli of elasticity. 

a. In a 1-cm 3 cube of Au metal what is the electron momentum in the x 
direction for the state n x - 3.83 x 10 7 , n y = 1, n z = 0? 

b. What is the electron momentum in the y direction? 

c. How does the answer to (a) change for a 1000-cm 3 cube of Au? 
Rationalize the decrease in magnitude of the energy band gap with increasing 
atomic number for elements in the fourth column of the Periodic Table. 

In what ways are electrons in an isolated copper atom different from electrons 
in a copper penny? 

Quantum well structures consisting of layers of very thin semiconductor films 
have been synthesized and used in advanced electronic devices. They have the 
property of trapping electrons in a well much like a “particle in a box.” In a 
one-dimensional, infinitely high, 5-nm-wide well what is the electron energy 
for the n = 1 state? 

How narrow would the quantum well in Problem 2-30 have to be before the 
electron energy for the n = 1 state were equal to that for the n — 1 ground 
state for the electron in the hydrogen atom? (Note that the electron energy is 
increased by squeezing its domain.) 

What is so special about the electronic structure of carbon that enables it to 
form more than a million organic compounds with hydrogen, oxygen, nitrogen, 
and sulfur? 

State whether ionic, covalent, metallic, or van der Waals bonding is evident 
in the following solids. (Where applicable distinguish between intramolecular 
and intermolecular bonding.) 

a. Mercury b. KNO3 c. Solder d. Solid nitrogen e. SiC 
f. Solid CH 4 g. Aspirin h. Rubber i. Na 3 AlF 6 j. PbTe k. Snow 

Is it likely that a stable solid will have an interatomic potential energy of 
interaction where the attractive part of the potential is steeper than the repulsive 
part? Why? 
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3.1 INTRODUCTION TO CRYSTAL STRUCTURE 

Although the previous chapter developed models of solids based on the 
electronic structure of atoms, it was largely done without assumptions as to 
how atoms were physically arranged or positioned relative to each other. In 
this chapter an almost opposite viewpoint is adopted: the physical structure 
is our primary concern and the electronic structure is of secondary interest. 
Of course, at a deeper level the two types of structures are intimately coupled. 
The richness in the diversity of materials properties is attributable to the count- 
less combinations of different atomic species, their electronic constitution, and 
the way atoms are geometrically arranged within solids. 

It is convenient to subdivide the structure of solids into two broad categories: 
crystalline and noncrystalline or amorphous. Many solids have a crystalline 
structure that is described by an ordered geometric array of atoms that stretches 
endlessly in all directions in a repetitive fashion. We do not think of materials 
like structural steel and solder as being crystalline because they are not clear, 
transparent, faceted, sparkling, angular, and so on. Despite external appear- 
ances to the contrary, materials like metals are, in fact, crystalline based on 
the scientific criterion of an orderly internal arrangement of atoms. On the 
other hand, atoms are not positioned in predictably ordered arrays in amor- 
phous solids like silica glass and most hydrocarbon polymers. 

In this chapter we are concerned with a description of the structure of 
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TABLE 3-1 



crystalline solids* Although crystals have been known, and some even fondled 
for thousands of years, it is only in the last century that they have been classified* 
To create actual crystal structures one must first imagine a three-dimensional 
array of points in space distributed such that each has identical neighbors* 
There are only 14 ways to arrange points in space having this geometrical 
property. These special point arrays are known as Bravais point lattices. It 
must be appreciated that the space of any one of these point lattices can be 
delineated into cells in a number of arbitrary ways. The lines drawn in Fig. 3- 
1 have been found to be the most convenient way to outline unit cells of points 
that can be used to distinguish each of the Bravais lattices. Table 3-1 summarizes 
the lengths and interaxial angular relationships among the 14 unit cells that 
can be further classified as belonging to one of seven crystal systems. The unit 
cell dimensions, a , and c are known as lattice parameters or constants, and 

these can be measured with high precision by the X-ray diffraction techniques 
that are described later in the chapter. 



SPACE LATTICES AND CRYSTAL GEOMETRIES 



Crystal system 
(Bravais lattice) 


Axial lengths and 
interaxial angles 


Examples 


Cubic 

(simple cubic, body- 
centered cubic, face- 
centered cubic) 


Three equal axes, three right angles 
a = b = c y a = (3 = y = 90° 


Au, Cu, NaCl, Si, GaAs 


Orthorhombic 

(simple orthorhombic, 
base-centered ortho- 
rhombic, body-centered 
orthorhombic, face- 
centered orthorhombic) 


Three unequal axes, three right 
angles 

a^b7 £ c,a = j3 = y~ 90° 


Ga, Fe 3 C 


Tetragonal 

(simple tetragonal, body- 
centered tetragonal) 


Two of the three axes equal, three 
right angles 

a = b^c y a = (3 = y = 90° 


In, Ti0 2 


Hexagonal 

(simple hexagonal) 


Two equal axes at 120°, third axis at 
right angles 

a = b^Cya = ($ = 90°, y = 120 


Zn, Mg 


Rhombohedral 

(simple rhombohedral) 


Three equal axes equally inclined, 
three equal angles ¥■ 90° 
a = b = c, (x-j3 = y 


Hg, Bi 


Monodinic 
(simple monoclinic, 
base-centered mono- 
clinic) 


Three unequal axes, one pair of axes 
not at 90° 

a ^ b ^ Cy a = y = 90°, (3 90° 


KClOj 


Triclinic 


Three unequal axes, three unequal 
angles 

a b ^ Cy a ^ p ¥= y 


Al 2 SiO s 
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When a single atom or group of two or more atoms is assigned to each 
lattice point a physically real crystalline solid emerges. The atom groupings 
must retain the same orientation at each lattice point to preserve the crystal 
geometry and symmetry. All of the structural information pertaining to the 
perfect placement of about 10 22 atoms per cubic centimeter can now be conve- 
niently condensed into what can be revealed by a single equivalent unit cell. 
A good portion of the chapter is devoted to the placement of atoms within 
unit cells of Bravais lattices and the geometric implications of doing so. 

The focus is primarily on elemental solids but occasional reference is made 
to the crystal structure of simple compounds. A discussion of the structure of 
noncrystalline hydrocarbon polymers and inorganic silica glasses, as well as the 
more complex crystal structures of ceramic materials, is deferred to Chapter 4. 



3.2* COMMON CRYSTAL STRUCTURES 



3.2.1. Cubic Structures: Metals 

Cubic crystal systems are the only ones we consider at any length in this 
book because they are the simplest to deal with. A more compelling reason 
for considering cubic structures, however, is that a majority of the important 
engineering materials crystallize in this geometry. For example, approximately 
40 or so elemental metals have cubic crystal structures. Another 25 crystallize 
in hexagonal structures and they are treated in Section 3.2.4. The simple cubic 
(SC) structure is virtually never seen, although polonium metal at ~10°C is 
an exception. Instead, the body-centered cubic (BCC) and face-centered cubic 
(FCC) structures of Fig. 3-1 are the only ones commonly observed. In each 
structure the cube edge a, or lattice parameter, serves to differentiate one metal 
from another. 

To visualize better the process of forming crystalline substances let us first 
consider a unit cell in the BCC Bravais point lattice. If individual iron atoms 
are now exactly placed at each lattice point such that a = 0.2867 nm, the 
material known as metallic iron would be produced. Iron atoms are represented 
as spheres in Fig. 3-2A, but just as there are no connecting lines in actual 
crystals there are no spheres. Each sphere represents an Fe nucleus surrounded 
by a complement of 24 core electrons (i.e., Is 2 , 2s 2 , 2 p 6 , 3s 2 , 2 p 6 , 3d 6 ), plus 
two additional 4s valence electrons. Other BCC metals include Na, K, Cr, Ta, 
V, and W. We speak of there being only two atoms per unit cell, on the average, 
in BCC metals. One atom in the center is wholly contained within the cell. 
Each of the eight corner atoms is shared by eight other cells so that in total, 
only one atom (8 X £ = 1), belongs to the unit cell. Thus the center atom plus 
eight corner atom octants contribute a total of two atoms. 

Similarly, gold metal is the result of placing Au atoms at each site of an 
FCC Bravais point lattice having a lattice parameter of 0.4079 nm (Fig. 3-2B). 
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FIGURE 3-2 




Illustration of the placement of (A) iron atoms on a body-centered cubic point lattice and (B) gold atoms 
on a face-centered cubic point lattice. 



There are four atoms per unit cell in FCC metals; three come about because 
atoms centered within the six square faces are each shared by two neighboring 
cells (6 x | = 3) and, as before, one is contributed by eight corner atoms. 
Metals that exhibit FCC structures include Al, Cu, Ag, Ni, Pt, and Fe (from 
910° to 1400°C). Interestingly, the inert gases Ar, Ne, Kr, and Xe also crystallize 
in FCC structures at low temperatures. 

An abbreviated list of the crystal structures of metals and their lattice parame- 
ters is found in Table 3-2. More complete details of the structure of the elements 
can be found in Appendix A. These limited crystallographic data enable calcula- 





76 



CHAPTER 3 STRUCTURE OF SOLIDS 



tion of a considerable amount of information about the geometry of atomic 
packing provided atoms are assumed to be hard spheres. 

1 . Atomic radii. In BCC structures, atoms of radius r touch along the cube 
body diagonal. Thus, as shown in Fig. 3-3, r + 2r + r or 4r = aV 3, and 
r = aV 3/4. As a = 0.2867 nm, the calculated Fe atom radius is 0.1241 nm. 
This value is considerably larger than the ionic radii of Fe 2+ and Fe 3+ , which 
are 0.087 and 0.067 nm, respectively. In the case of FCC lattices, atoms touch 
along the cube face diagonal so that r + 2r + r or 4r = aV2, and r = 
aVz/4. For Au where a = 0.4079 nm, r = 0.1442 nm, which again is larger 
than the ionic radius of Au 1+ (0.137 nm). 

2. Atomic packing factor. The atomic packing factor (APF) is defined as 
the ratio of the volume of atoms, assumed to be spheres, to the volume of the 
unit cell (see Fig. 3-3). For BCC structures there are two atoms per cell. 
Therefore, APF = 2 x f 7 rr 3 /tf 3 . But r = a V3/4 and after substitution APF = 
V 37 t /8 or 0.680, a number that is independent of atomic sphere size. 

In the case of FCC structures, APF = 4 x § 7 rr 3 /^ 3 . As r = tfV2/4, APF = 
0.740. This demonstrates that of the two structures, FCC is more densely 
packed. 



TABLE 3-2 



LATTICE CONSTANTS OF SELECTED METALS AT 
ROOM TEMPERATURE 



Body-centered cubic 


Face-centered cubic 


Metal 


a (nm) 


Metal 


a (nm) 


Chromium 


0.2885 


Aluminum 


0.4050 


Iron 


0.2867 


Copper 


0.3615 


Molybdenum 


0.3147 


Gold 


0.4079 


Potassium 


0.5247 


Lead 


0.4950 


Sodium 


0.4291 


Nickel 


0.3524 


Tantalum 


0.3298 


Platinum 


0.3924 


Tungsten 


0.3165 


Silver 


0.4086 


Vanadium 


0.3023 


Palladium 


0.3891 




Hexagonal dose-packed 




Metal 


a (nm) 


c (nm) 


c/a ratio 


Cadmium 


0.2979 


0.5617 


1.890 


Zinc 


0.2665 


0.4947 


1.856 


Ideal HCP 






1.633 


Beryllium 


0.2286 


0.3584 


1.568 


Cobalt 


0.2507 


0.4069 


1.623 


Magnesium 


0.3210 


0.5211 


1.623 


Titanium 


0.2951 


0.4685 


1.587 


Zirconium 


0.3231 


0.5148 


1.593 
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FIGURE 3-3 



FIGURE 3-4 



(A) BCC unit cell illustrating the geometry of contact between hard sphere atoms. Contact of atoms is 
made along the cube diagonal. Atomic packing factor = 0.680. (B) FCC unit cell illustrating the geometry 
of contact between hard sphere atoms. Contact of atoms is made along the cube face diagonal. Atomic 
packing factor = 0.740. 





3. Atomic planar density. By analogy to APF we may define the atomic 
planar density (APD) as the ratio of the projected area of atoms in a plane to 
the total area of the plane (Fig. 3-4). To obtain APD only atoms whose centers 
lie in the plane are counted. The cube face in the BCC lattice contains the 
equivalent of a single atom because each of the four corner atoms is shared 
by four similar squares (i.e., 4 x J = 1). Therefore, APD BCC = 1 X rrr 2 /a 2 , or 
0,589, when accounting for the connection between r and a. 





(A) Atomic planar density in the BCC lattice. On indicated plane APD = 0.589. (B) Atomic planar density 
in the FCC lattice. On indicated plane APD = 0.785. 
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In the case of the FCC cube face, there are the equivalent of two atoms. 
Hence APD FCC = 2 X 7rr 2 Az 2 , or 0.785. Of the two structures, this plane is 
more densely packed with atoms in FCC. If the FCC plane is rotated by 45° 
the atomic arrangements on the two planes appear to be similar. But, whereas 
atoms touch in FCC, they do not in BCC, and this accounts for the higher 
APF in the former. 



a. What is the fractional volume change in iron as it transforms from BCC 
to FCC at 910°C? Assume that tf(BCC) = 0,29 10 nm and a (FCC) = 03647 run. 

b. What is the volume change if Fe atoms of fixed radius pack as hard spheres? 

ANSWER a. The volume (V) per atom is equal to volume per unit cel I /atoms 
per unit cell. For BCC Fe, V (BCC) per atom = a *(BCC)/2. Similarly for 
FCC Fe, V(FGC) per atom — u*(FCC)/4. After substitution, V(BCC)/atom = 
(0.2910)V2 = 0.01232 nm'; V(FCC)/atom ^ (0,3647)V4 ^ 0.01213 nmh 
Therefore, IV /V = (0.01213 - 0,QI232)/0.01232 = -0.0154 or ~L54%, 
a result consistent with the abrupt contraction observed when BCC Fe trans- 
forms to FCC Fe. 

h, Jf atoms pack as hard spheres, a (BCC) = 4r/V3 and d(FCC) = 
4r/Y 2. Therefore, 

1V/V = {[4r/V2| J /4 - [4r/V31 J /2}/[4r/V3]V2 

= (5.657- 6.158)/6.158 = -0.0810, or -8.10%. 

Note that the two values for AW V differ considerably. The results for part 
b depend solely on geometric packing. They are independent of the lattice 
parameter and, therefore, of the particular metal. Obviously, atoms in real 
metals and iron, in particular, are not hard spheres of fixed radius. Other 
metals like manganese and plutonium also exist in both BCC and FCC crystal 
forms of different lattice parameters. 

4. Linear atomic density. Lines drawn through the centers of neighboring 
atoms will also pierce the centers of other atoms periodically spaced along the 
line. The linear atomic density (LAD) is defined as the ratio of the number of 
atomic diameters included along a line or direction to the length of the line 
(Fig. 3-5). Quite simply, LAD is the inverse of the distance between neighboring 
atomic centers and has units of atoms/length. LAD values will differ along the 
same direction in different crystals, as well as along different directions within 
the same crystal. For example, along the cube edge in BCC crystals, LAD = 

1 / #bcc , but along the cube face diagonal, LAD = 1/V2^ BCC . In FCC crystals 
the respective LAD values are l/a FCC an d 2/V2a FCC . As seen in Chapter 7, 
material deformation under stress usually occurs along directions of highest 
linear atomic density. 
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3.2.2. More Complex Cubic Structures 

3.2.2. 1 . Atoms of the Same Type 

Earlier it was mentioned that in some crystal structures two or more atoms 
substitute for each Bravais lattice point. This is the case for solid-state silicon 
which is derived by placing two identically oriented Si atoms at each and every 
FCC lattice point as shown in Fig. 3-6A. One of the Si atoms sits precisely at 
the lattice point, which may be taken as the origin of the repeating two-atom 
motif. The other is displaced from it by a ! 4 ( a is the lattice parameter) in each 
of the rectangular coordinate directions. Each Si atom in this crystal structure 
now has four nearest neighbors in tetrahedral coordination. In Section 2.4.4 
it was noted that the four covalent bonds radiating out from carbon in diamond 
were configured in the same manner; hence the name diamond cubic for this 




FIGURE 3-6 



(A) Model of the crystal structure of the silicon diamond cubic lattice. The diamond cubic lattice may 
be viewed as two interpenetrating, but displaced FCC lattices. (B) Model of the crystal structure of 
GaAs. Both gallium and arsenic atoms populate separate FCC lattices which interpenetrate one another. 
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type of structure. Germanium and gray tin are the other two important members 
of the group IV elements with diamond cubic structures. The covalent nature 
of the bond weakens sufficiently by the time the metal lead is reached in the 
Periodic Table. This change in electronic character is also reflected by a different 
crystal structure, for example, FCC. 

3. 2. 2. 2. Dissimilar Atoms 

If we consider the same FCC Bravais lattice but now substitute a two-atom 
molecule motif for each point, many very important materials can be generated. 
One can think of this structure as consisting of two interpenetrating FCC 
lattices, one for each atom. For example, when a GaAs molecule is located at 
each point, the As atom at the cell origin and the Ga atom at a distance a/4 
away in each of the coordinate directions, the gallium arsenide crystal structure 
is produced (Fig. 3-6B). It is also known as the zinc blende structure, and can 
obviously also be generated by reversing the roles of Ga and As. Other import- 
ant materials that crystallize with this same structure include the semiconduc- 
tors InP, GaP, InSb, CdTe, ZnS, and InAs. The carbides TiC, ZrC, TaC, and 
VC; the nitrides TiN, ZrN, and VN; and the hydrides TiH and ZrH also 
exhibit this structure. 



Calculate the atomic packing factor for Si and GaAs assuming the atoms 
(or ions} are hard spheres. 



ANSWER For Si there are eight atoms per unit celh four associated with the 
original FCC point lattice and four additional atoms contained within each 
cell. Therefore, APF(Si) = 8x Jtt If ins assumed that the Si atoms touch 
along the tetrahedral covalent bonds, aY3/ 2 = 4r and r = dV 3/8* After 
substitution, APF(Si) - ttVJ/16 — 0.340. 

In the case of GaAs there are four Ga and four As atoms per unit cell and 
they possess atomic radii r Gj and r Mt respectively. The total volume of the unit 
cell occupied by atoms is 4 x |ir(r Gi + r A J. _lf Ga and As atoms touch along 
the covalent bond then 2(r Gj + - dV 3/2, or a - (4/V3)(r Cjl + r A J, 

Therefore, 



APF(GaAs) 



4 

LV3 J 

rrVJ (rj, + >m) 
4 (rc + r A ,) v 
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The atomic packing factor for GaAs depends on the radii for both Ga and 
As, that is, r Ga = 0.135 nm and r As = 0.125 nm. After substitution, 

APF(GaAs) = ( 7 t/ 4 )V 3 ( 0 . 135 3 + 0.125 3 )/[0.135 + 0.125] 3 = 0.342. 

These calculations suggest that both Si and GaAs are loosely packed com- 
pared with the FCC metals. This partially accounts for the low density of the 
former. Further, the values of APF for all monoatomic diamond cubic structures 
are identical irrespective of atomic size; if two different atoms (ions) are in- 
volved, APF values differ depending on atomic radius. 

3.2.2.3. NaCI and CsCI 

Let us again consider the FCC Bravais lattice. If we now faithfully replace 
each point by a NaCI molecule motif, we can generate the common rocksalt 
structure depicted in Fig. 3-7. In a slight structural twist, the Cl atom (ion) is 
positioned at the cell origin while the Na atom (ion) is located at the center 
of an original FCC cube edge (or vice versa). Each atom has six nearest neigh- 
bors of the other kind. Many oxides (e.g., MgO, BeO), fluorides (e.g., LiF, 
NaF), and chlorides (e.g., KC1) crystallize with rocksalt structures. 

The least complex cubic structure containing two atoms is based on the 
simple cubic Bravais lattice. Although there are virtually no monoatomic simple 
cubic materials, there are a number of examples where a two-atom motif 
decorates a simple cubic Bravais lattice. The CsCI structure shown in Fig. 3-8 
repeats a pattern of Cl (or Cs) at the cube origin and Cs (or Cl) at the cube 




FIGURE 3-7 



Rocksalt crystal structure. In NaCI the sodium and chlorine atoms populate separate FCC lattices which 
interpenetrate one another. Unlike GaAs, however, the orientation of the NaCI motif differs. 
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center. Each atom is coordinated with eight atoms of the other kind in what 
is known as cubic coordination. Of course CsCl is an ionic solid and if ions 
touch along the cube diagonal then tfV 3 = 2r Cs+ + 2r cl _. Other CsCl-type 
structures are exhibited by halide salts (e.g., Til, RbCl) and certain ordered 
binary metal alloys (e.g., CuZn or /3 brass, AINi, BeCu). 



3.2.3. Coordination of Ions 

Is there any rhyme or reason to the way ions are coordinated in ionic solids? 
Why were eight Cl~ ions coordinated to each Cs + ion in CsCl, but only six 
Cl - ions to each Na + ion in NaCl? Similar differences are observed in the 
coordination of metal and oxygen ions in ceramic (oxide) materials. Clearly, 
the model of pairwise interaction between ions in an ionic “molecule,” so 
successfully used to calculate binding energies in Chapter 2 (Example 2-5), is 
of limited use in predicting crystal structure. 

Linus Pauling, twice a Nobel laureate, has formulated useful rules to predict 
structural coordination of ions in ionic materials in terms of ionic size. Specifi- 
cally, we wish to understand how anions are coordinated about a single cation 
in such structures assuming that they are larger than cations. With no loss in 
generality, what follows also holds if cations are larger than anions. It will 
be shown that a coordination number N c , defined as the number of anions 
surrounding the cation, is dependent on the ratio of cation to anion radii (i.e., 
r c /r a ). Assuming a hard sphere ionic model the central cation cannot remain 
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FIGURE 3-9 



Stable and unstable coordination between ions of different size. As the anion size remains constant, the 
cation successively shrinks in size (A)-(C), until an unstable configuration (C) is reached. This rearranges 
to a stable configuration (D). 



in contact with all the surrounding anions if the ion size disparity is too 
great. Under these conditions the structure would tend to fly apart because of 
electrostatic repulsion between anions; a smaller N c would be favored. This is 
apparent in Fig. 3-9 where stable and unstable ionic coordination configurations 
are indicated. On the other hand, if the cation grows too large, electrostatic 
energy will be reduced if greater numbers of anions participate in bonding, 
that is, if N c rises. Between these extremes a given N c will be stable. 

The stability criterion assumes r c /r a must be greater than some critical value 
determined by the condition that anions touch each other and the cation 
simultaneously. Structures that are stable as a function of r c /r a are shown in 
Fig. 3-10. Up to an r c /r a ratio of 0.155 a linear structure is predicted, whereas 
a triangular planar (N c = 3) array is stable at 0.225 > rjr 3 > 0 .155. Beyond 
these ratio values three-dimensional tetrahedrons (N c = 4), octahedrons 
(N c = 6), cubes (N c = 8), and close-packed face-centered cubes or cuboctahe- 
drons (N c = 12) become progressively more stable. Of these, tetrahedrons and 
octahedrons often appear in ceramic crystals; these polyhedra typically consist 
of a small cation contained within a cage of either four or six larger oxygen 
anions. 



Calculate the critical values of rjr* for octahedral and cubic coordination. 

ANSWER In octahedral coordination the ions assume the planar geometry 
shown in Fig. 3-9B, at die octahedron midsection. Therefore, 2r a V2 = 2r 1 + 
2r € . Solving, rjr t = V2 — 1 — 0.414. For rjr t values greater than this critical 
value, octahedral coordination is stable. 

In the case of cubic coordination, ions touch along the cube diagonal. 
Therefore, 2r 1 V / 3 = 2r, + 2r c , Solving, rjr 9 - V3 - I - 0.732. For rJr A 
values greater than this critical value cubic coordination is stable. 










Cube Cuboctahedron 

N c =8 N c = 12 



FIGURE 3-10 



Coordination of dissimilar ions according to the Pauling scheme. Stability ranges for particular ionic 
coordination are linear, rjr 3 > 0; triangular, rjr a > 0.155; tetrahedral, rjr a > 0.225; octahedral, r c lr a 
> 0.414; cubic, rjr a > 0.732; and cuboctahedral, rjr 3 > I. 
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Predict values of N c for NaCI and CsCK 

ANSWER Values for r in nm are r (Na~) = 0,098, r (C$~) = 0J65, and 
r (Cl”) = 0,181. 

For NaCI, r <NV)/r (Cl ) = 0.098/0. 18 1 = 0.544, Therefore, N. = 6. For 
CsCI* r (Cs* )/r (Cl ) = 0.165/0. 18 1 =0.912. Therefore, N L = 8, These values 
are entirely consistent with the observed structures. 

3.2.4. Hexagonal Structures 

That some 25 elements crystallize with a hexagonal structure has already 
been noted. But most of them do not exhibit the simple hexagonal lattice 
suggested by the Bravais classification. Rather, metals like Zn, Mg, Be, Ti, and 
Zr crystallize in a hexagonal close-packed (HCP) structure, in which a two- 
atom motif is associated with each Bravais lattice point. These HCP materials 
are every bit as closely packed as FCC metals and bear a close relationship to 
them. To see how let us consider the hard sphere model of these structures 
and the close-packed planes represented in Fig. 3-11. On this plane atoms 
touch each other the way billiard balls do when racked on a pool table. For 
convenience, this plane is designated as A. Next, the structure is built up by 
depositing a second layer (B) of atoms which nest in the interstices of the first 
plane. But there are two interpenetrating sets of interstices, and once one is 
selected and totally occupied, the second set must be completely unoccupied. 




A layer B layer C layer A layer B layer 



FIGURE 3-1 1 



(A) Plan view of the hard sphere ABCABC. . . stacking characteristic of the close-packed plane in the 
FCC lattice. (B) Plan view of the ABABAB. . . stacking of close-packed planes leading to the HCP structure. 
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What happens on the third plane of atoms is quite critical, and nature allows 
a choice of two distinct possibilities. 

1. In FCC materials the third plane of atoms sits directly above the set of 
nests or hollows not chosen in atomic layer B. Therefore, this top row is 
displaced horizontally from both planes A and B and is designated as the C 
layer. The fourth row, however, is identical to the first or A layer and the fifth 
to the second or B layer, and so on. This ABCABC. .. stacking (Fig. 3-11A) 
then continues in this sequence endlessly, and in the process a perfect FCC 
lattice is generated (Fig. 3-12A). 

2. In HCP materials the third plane is identical to layer A and so the pattern 
of repetition is ABABABA. . . (Fig. 3-1 IB). Since atoms are as efficiently packed 
in HCP as in FCC lattices, the value of APF is 0.740. The structure has two 
lattice parameters: the dimension in the close-packed plane is a y and the distance 
between A-A planes is c (Fig. 3-12B). If atoms were hard spheres, a bit of 
geometry would show that da = 1.633. 

Though the difference between FCC and HCP structures appears to be little 
more than an accident in stacking, property differences can be quite profound. 
As we shall see in Chapter 7, mechanical deformation of metals depends not 
only on the number of distinct close-packed planes, but on the number of 
close-packed directions in them. In HCP metals all close-packed planes are 
parallel so only one need be considered. In it lie three close-packed directions 




FIGURE 3-12 



(A) Side view of a hard sphere model of the FCC structure. (B) Side view of a hard sphere model of 
the HCP structure. 
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(high LAD) set at 120° to each other. FCC lattices, however, can be cut in 
four distinct (nonparallel) ways, each yielding a set of close-packed planes. 
The same three close-packed directions exist and so FCC metals have four 
times the number of plane-direction combinations (12) as HCP metals (3). 
This is why aluminum is more ductile or deformable than zinc. It also accounts 
for differences in electronic structure. 

Nonmetals also crystallize in hexagonal structures, for example, graphite 
(see Fig. 2-17B), tellurium, and selenium (see Fig. 4-17). 



3J. ATOM POSITIONS, DIRECTIONS, AND PLANES IN CRYSTAL STRUCTURES 



3.3.1. Atomic Positions 

Rather than continue to refer to '‘origin of unit cell,” “cube diagonal,” or 
“cube face” when speaking about atom positions, directions, and planes in a 
crystal, we have developed a shorthand notation to identify these geometric 
features. The notation is simply based on coordinate geometry and can be 
understood in most cases without resorting to analytic geometry or vector 
analysis. As the need arises, however, we will borrow some simple results from 
these latter mathematical methods. In what follows we strip away the atoms 
that were so carefully placed on Bravais lattice points in the previous section 
and just consider the Bravais points themselves. 

Let us consider the rectangular coordinate axes shown in Fig. 3-13 and 
populate the space with SC, BCC, and FCC point lattices. Each point is given 
three indices to denote its x, y, and z coordinates in the space. Cube corners 
have a triad of integers, for example (0, 0, 0), the origin, and (1, 0, 0), (0, 1, 0), 
(0,0, 1), (1, 1,0), and so on. Cube center indices are denoted by (£,£,£) 
whereas cube face-centered atoms are described by (0, A, A), (£, 0, A), (£, A, 0), 
(1, J, |), and so on. From the standpoint of crystallography, SC is characterized 
by (0, 0, 0), BCC by (0, 0, 0) and (£, i, A), and FCC by (0, 0, 0), (0, £, £), (J, 0, J), 
and (A, A, 0). These numbers are consistent with the respective one, two, and 
four atoms per unit cell noted earlier. Translation of either the single-, two-, 
or four-point pattern throughout space will yield the indicated point lattices. 
In Fig. 3-13 only the unit cube or cell is considered and all coordinates are 
positive. For neighboring cells negative coordinates may arise. For example, 
BCC lattice cube centers in three adjacent cells might have coordinates of 

(i, -£, A), (4, A, A)> and (A, f, I). 



3.3.2. Directions 



Directions are vectors that connect any two lattice points in a prescribed 
sense. The indices of a direction are given by the differences in x , y, z coordinates 
of the two points in question. For example, the direction connecting the outer 
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FIGURE 3-13 




Coordinate positions of points within SC, BCC, and FCC unit cells relative to the indicated origin of 
the x, /, and z axes. 



cube centers noted at the end of the previous paragraph is (i, i, 1) minus 
(£, —s, 2 ) or (0, 2, 0), By convention, the resultant direction components are 
reduced to smallest whole numbers and placed in brackets without commas; 
the so-called Miller indices for the direction are [010], For the antiparallel 
direction pointed toward the negative y axis the indices are [010]. The minus 
sign makes crystalline directions different mathematically, but not physically. 

A number of directions in cubic lattices are displayed in Fig. 3-14. Notice 
that the cube diagonal has [111] indices. But [111], [lll],_and [111] are 
equivalent directions as are the oppositely oriented [1 1 1], [11 1], [111], and 
[1 1 1] directions. This collection of physically equivalent directions constitutes 
a family denoted by (111). That negative indices arise is the consequence of 
arbitrarily positioning the center of the coordinate axes. Note that any lattice 
point can serve as the center of coordinates. 
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FIGURE 3-14 



3.3.3. Planes 




(Oil) 



r (021) 



.( 010 ) 



Miller indices of directions in cubic lattices. After C. R. Barrett, W. D. Nix and A. S. Tetelman, The 
Principles of Engineering Materials, Prentice-Hall, Englewood Cliffs, NJ (1973). 



Many phenomena in materials occur preferentially along specific crystallo- 
graphic directions. For example, there are stronger magnetic effects along [100] 
than along the [111] direction in iron. Similarly, when a crystal of MgO is 
stressed, deformation effects are observed along the [110] direction. Transport 
of electrical charge and heat as well as diffusion of atoms frequently occurs 
more readily in certain crystal directions. In such cases we speak of anisotropic 
behavior. This is to be contrasted with isotropic behavior where properties are 
independent of crystallographic direction. Although numerous lattice directions 
are possible, a surprisingly small number ever play a significant role in governing 
material properties. Those that do have low-number indices which correspond 
to directions densely populated by atoms (i.e., high LAD). 



Like points and directions, crystallographic planes are identified by three 
Miller indices or numbers. Any three points define a plane; any two directions 
will also define a plane in which both lie. But, a single direction can lie in 
many different planes. The following simple recipe can be used to identify 
uniquely a given plane in cubic (and noncubic) crystals: 

1. Express the intercepts of the plane on the three coordinate axes in 
number of unit cell dimensions. 

2. Take reciprocals of these numbers. 

3. Reduce the reciprocals to smallest integers by clearing fractions. 

The resulting triad of numbers placed in parentheses without commas, ( bkl ), 
is known as the Miller indices of the plane in question. A number of common 
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FIGURE 3-15 



as well as uncommon planes in cubic lattices are shown in Fig. 3-15. Any time 
a plane passes through the origin, the above recipe will not work. In such a 
case it must be remembered that the origin of the coordinate axes can be 
arbitrarily shifted to any other lattice point. Another alternative is to translate 
the plane parallel to itself until intercepts are available. By either of these means 
it is always possible to have the involved plane slice through the unit cell. In 
the case of cube faces one intercept (e.g., x) is 1 and the other two intercepts 
extend to infinity. Therefore, 1/1 — 1, l/» = 0, l/°c = 0, and the planar 
indices are (100). Othe^(100)-type planes that are physically equivalent have 
(010), (001), (100), (010), and (001) indices. These six planes constitute a 
family that is identified as {100}, and similarly for other planes. 

Many phenomena in materials are associated with or occur preferentially 
on specific crystallographic planes. For example, brittle cleavage cracks readily 
nucleate and grow on (100) planes in MgO crystals. Silicon oxidizes more 







Miller indices of some planes in cubic lattices. The suggested center of the coordinate axes is shown in 
each case. 
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rapidly on the (111) plane than on the (100) plane. Crystal growth is frequently 
favored on one plane relative to others. Microelectronic (e.g., transistor) and 
optoelectronic (e.g., laser) device fabrication can be reliably accomplished only 
on specific semiconductor planes. Regardless of application, the important 
planes are usually the most atomically dense ones (i.e., high APD). Such planes 
are also ones of low index. 

3.3A Theorems from Analytic Geometry and Vector Algebra 

Several simple theorems that will prove useful when dealing with directions 
and planes in cubic systems are derived in this section. We start by considering 
the arbitrary ( hkl ) plane in the cubic system drawn relative to the cell cube 
depicted in Fig. 3-16. The intercepts are seen to be alb , alk , and all, From 
analytic geometry the equation of the plane can be expressed algebraically by 
xl{alb) + yl(alk) + zl(all) = 1 in an x, y, z coordinate system. A line drawn 
from the origin normal to the plane is, in fact, the interplanar spacing d hki . 
This plane normal has direction cosines a u a 2 , and a 3 given by cos a x = 
d h kib/a , cos a? = d hk( k/a , and cos a 3 = d hk[ l/a. Analytic geometry states that 
cos 2 **! + cos 2 a 2 + cos 2 a 3 = 1. Substituting, cos 2 ^ + cos 2 a 2 + cos z a 3 = 




FIGURE 3-16 



Geometry used to demonstrate that d hkj ~ a/(h 2 + k 2 + / 2 ) ,/2 and that the Miller indices of the normal 
to a plane are identical to those of the plane itself. 
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d 2 hki(h 2 + k 1 4 l 2 )/a 2 = 1, or 

d hkl = tf/(£> 2 4 fc 2 4 / 2 ) 1/2 . (3-1) 

This handy relationship, which is true only for cubic systems, will be used subse- 
quently. 

It is a simple matter now to determine the indices of the normal to the (hkl) 
plane. The coordinates of the point lying in the plane that is intercepted by 
the normal are ( d hkl cos cq/d, d hkl cos a 2 /a , d hkl cos ot 3 /a). Therefore, the indices 
of the direction from the origin to the point in question are [d hki cos a x !a - 
0, d hk i cos a 2 /a - 0, d hki cos a } la — 0] or [d hk! cos a} a, d hk{ cos a 2 /a, d hki 
cos a 3 /a]. From the definition of direction cosines and Eq. 3-1 it is easy to 
show that cos a x = hl(h 2 + k 2 + / 2 ) 1/2 , cos a 2 = k/(h 2 4- k 2 4 / 2 ) 1/2 , and cos 
a 3 = IK}) 1 4 k 2 4 / 2 ) 1/2 . Substitution for d hk{ (Eq. 3-1) and for the direction 
cosines yields the direction [ hl(h 2 4 k 1 4 l 2 ),kl{h 2 4 k 1 4 / 2 ), II {h 1 4 4 / 2 )]. 

Finally by multiplying through by ( h 2 4 k 1 4 / 2 ), the direction [M/] emerges. 

We have just proved the theorem that in cubic crystals the indices of the 
direction normal to plane (hkl) are [hkl]; both direction and plane have identi- 
cal indices! 

Next let us consider the angle <f> between two arbitrary directions [h 1 k l l x ] 
and [h 2 k 2 l 2 \. The components of unit vectors representing these two directions 
are simply the direction cosines or [ h x /(h 2 4 k\ 4 /j) 1/2 , k}(h\ 4 fc 2 4 / 2 ) 1/2 , 
l}(h\ 4 k\ 4 / 2 ) 1/2 ] and [h 2 l(h\ 4 k\ 4 / 2 ) 1/2 , k 2 i(b\ 4 £ 2 4 P 2 ) m y l 2 l(h\ 4 
k\ 4 / 2 ) 1/2 ]. From the simple properties of vector dot products, 

cos <f) ~ [ h x k x l A \ • [h 1 k 1 l 1 ] (3-2) 

_ h x b 2 4 k x k 2 4 l x l 2 

~ Vhfr^Ti\Vhfrkfni' 



3.3.5. Indices in Hexagonal Crystals 

Although the three Miller indices are sufficient to identify planes and direc- 
tions in any Bravais lattice, it is customary to consider four axes and correspond- 
ing indices in hexagonal crystals. We note in Fig. 3-1 that close-packed (111) 
or basal planes (also A-A layers in Fig. 3-1 IB) bound the top and bottom of 
the hexagonal prism. In the bottom basal plane, three [110]-type directions, 
set 120° from one another, radiate out from the center point of the coordinate 
system. Each of these three axes (a ly a 2 > a 3 ) intercepts a couple of prism side 
planes at distance a . The fourth axis lies in the vertical direction and intercepts 
the top basal plane at distance c. 

As examples, the intercepts of a prism side plane (prism plane) are a x = 1, 
a 2 = qo, a 3 = — 1, c = and after reciprocals are taken the indices are (1010); 
directions that outline the hexagonal perimeter of the basal plane, and which 
also lie in the prism plane, have [1120] indices. This plane and direction are 
shown in Table 7-3. Note that the indices are always such that the sum of the 
first two is equal to the negative of the third index. 
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j. What arc the spacing* of ihc four most widely separated planes in 
RCC Pr which has a lattice parameter of 03924 nm? 

b. Indicate indices of at least four directions that lie in the {111) plane, 
e. What is the angle between any two neighboring tetrahedral bonds in ihe 
diamond cubic structure? 

ANSWERS a* Reproducing Rq. 3-1 we have d k y — ai(b l 4 k 1 + /“}’ 2 . The 
largest d hki spacings occur for the smallest values of ( h 1 4 k 1 4 l 1 ) 1 The (100), 
( 1 1 0), ( 1 M ), and (200) planes yield the four smallest respective denominators of 
1 , \ 2, X 3, and 2. Therefore, the required d hki spacings are 03924 nm, 0*3924 
VI = 0,2775 nm, 03924/ V 3 = 0.2266 nm, and 0,3924/2 = 0,1962 nm, 

b. Directions that lie in the (111) plane must be perpendicular to the normal 
to this plane or [ 1 1 1 |. We seek directions \hkl\ such that the dot product with 
1 1 1 1 1 vanishes (cos 90° = 0). Therefore, h + k + l = 0, and examples of 
combinations that satisfy this requirement are (1 10], [011], [211], [53 2], and 
so on. Note that one or more of the indices must be negative. But, if the 
(1 I I) plane had been selected instead, the indices could be all positive, e.g., 
[1011. 

c. Tetrahedral bonds lie along 1 1 1 1 ]-type directions, which we will assume 
to he [111) and [I T 1 1. Therefore, by Eq. 3-2 

, {( 1 )(- 1 ) + ( 1 )(- 1 ) + ( 1 )( 1 )} 

COS (b - - — — 

VTP 4 H 4 p) V(~l 2 4 (-!)’ 4 ]*) 

The angle whose cosine is ts c/> = 109.5°, 




14* EXPERIMENTAL EVIDENCE FOR CRYSTAL STRUCTURE 



This chapter has provided very elaborate geometric models of atomic posi- 
tions within all classes of solids. Not only are the structures of materials 
specified with absolute certainty, but stated interatomic spacings are supposedly 
precise to small fractions of atomic dimensions. How do we know it is all 
correct? Virtually all of the evidence has come from X-ray diffraction methods 
and this is the first topic treated in this section. However, a number of other 
techniques of more recent origin have also yielded important structural informa- 
tion at the atomic level. Transmission electron microscopy, field ion micros- 
copy, and scanning tunneling microscopy have provided exciting new ways to 
examine atomic details in thin-film materials and on the surfaces of bulk 
materials* These microscopy methods are indispensable in modern scientific 
work in materials and, for this reason, are discussed later in this section. 
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3.4.1. X-Ray Diffraction 

Assume we did not know better and were asked to estimate very roughly 
the distance between atoms in a crystalline solid of atomic weight M and 
density p. A reasonable place to start is to assume that individual atoms are 
contained within a unit cell or cube of side a. In a volume of M/p there are 
Avogadro’s number (N A ) of atoms. Therefore, the volume per atom is M/pN A , 
and dimension a is equal to the cube root of this or a = (M/pN A ) 1/3 . Substitut- 
ing typical values — M - 50 g/mol and p = 5 g/cm 3 — yields a ~ [50/(5 x 
6.02 x 10 23 )] 1/3 = 2.55 x 10 -8 cm, or 0.255 nm. In the elementary theory of 
optics it was shown that physical diffraction effects arose from a periodic 
grating if photons had a comparable, but somewhat smaller, wavelength than 
the grating spacing. But crystals are essentially an atomic grating, and diffrac- 
tion effects can therefore be expected at a wavelength of say —0.1 to 0.2 nm. 
X rays have wavelengths in this range of the electromagnetic spectrum, hence 
their widespread use in diffraction experimentation on crystals. 

In Fig. 3-17 we see two parallel X rays of wavelength A, from a much wider 
beam, impinging on a crystal surface at angle 0 . Parallel to the surface is a 
row of crystal planes, separated by distance d hkh that extends into the crystal. 
We assume that what happens at the top layers also occurs at the deeper planes 
reached by other, more penetrating X rays. The condition for constructive 
interference of the diffracted beam is that the two exiting rays be in phase, or 
that the path difference between ray 2 and ray 1, or AB + BC, be an integral 
number (n) of wavelengths. But simple geometry reveals that AB — BC = 
<4*/sin 6 . Therefore, the condition known as Bragg’s law emerges as 

n\ = 2d hkl sm 6 . (3-3) 




Incident beam 
2 



o 



Diffracted beam 



FIGURE 3-17 



Geometry of Bragg diffraction of X rays from atoms lying in the reflecting plane. 
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Satisfaction of Bragg’s law results in a diffracted beam of high intensity that 
can easily be detected with a radiation counter or with photographic film. If 
the conditions of Eq. 3-3 are not rigorously met then the diffracted intensity 
is zero. Nothing in this formula restricts its use to cubic crystal structures 
although this will be our only application in the book. 

Bragg’s law is truly one of the most important relationships in materials 
science, and it is capitalized upon in many experimental arrangements (not 
only X-ray diffraction) to yield crystallographic information about solids. Basi- 
cally two fundamental types of crystallographic information are sought. The 
first has to do with the size and shape of unit cells and the geometric orientation 
of these cells relative to the external surfaces. How the two or more atoms in 
the motif are distributed at each lattice point, and within a unit cell, is the 
second concern. The latter often poses a formidable experimental challenge 
and requires complex analysis of the intensities of the diffracted beams. We 
consider only the first and simpler of these applications. 

Selection of A and 9 determines the basis of two broadly different experimen- 
tal X-ray techniques based on Bragg’s law: 



1. A has a fixed wavelength {monochromatic ) , and 9 is variable. In one 
configuration a thin layer of crystalline powder of the material in question is 
spread on a nondiffracting planar substrate and exposed to the X-ray beam. 
Because there will always be some crystallites favorably oriented with respect 
to the beam each of the planar spacings, that is, d u d 2 , d 3 , . . . , will diffract 

at the different angles 9 U 9 2i 0 3 , Therefore, provision must be made to 

experimentally detect diffraction at as many angles as possible. By this technique 
d spacings are directly measured, and from them lattice parameters can be ex- 
tracted. 

2. A is variable ( white radiation ), and 0 is fixed. Orientations of large single 
crystals can be determined this way. Surfaces of such crystals may bear little 
angular relation to the internal crystal structure but they can be oriented relative 
to it by this so-called Laue method. 



The experimental geometry and equipment employed in the powder diffrac- 
tion method is illustrated in Fig. 3-18. X rays are generated by directing an 
electron beam of high voltage and current (typically 35 kV, 20 mA) at a metal 
(e.g., Cu, Mo) target anode situated inside an evacuated X-ray tube. We have 
already studied how X rays can be generated from atoms in Section 2.3.1. In 
this case the incident electron beam first creates holes in the K shell of the 
target atoms. These are filled by electrons descending from the L and M shells 
to create K a and Kp X rays, respectively. The more intense K a X rays are 
used, and after collimation and filtering, they impinge on the specimen. A 
typical diffractometer trace is shown in Fig. 3-19 and reveals a number of 
peaks with varied intensities as a function of angle 29. 
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FIGURE 3-18 





(A) Schematic of the diffraction geometry for the powder method including positions of X-ray tube, 
specimen, and detector. (B) Photograph of a modern X-ray diffractometer. Courtesy of North American 
Philips Corporation. 



Before analyzing this diffraction pattern we assume for simplicity that the 
discussion is limited solely to cubic materials. Combination of Eqs. 3-1 and 
3-3 yields, for n = 1, 



. 2z3 k 2 {h 2 + k 2 + l 2 ) 

Sm ' e = 4? ' 



(3-4) 



For two different planes {b l k l l l ) and (/? 2 & 2 / 2 ), diffracting at angles 0 X and 0 2 > 
a proportionality can be drawn given by 

sin 2 9 l /s’m 2 0 2 = ( h 2 + k 2 + + k 2 4- 1\). 



(3-5) 
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FIGURE 3-19 




Diffraction angle 29 

Diffractometer trace of a cubic metal plotted as the intensity of the diffracted signal versus angle 26. 
Peak numbers refer to Example 3-6, where the identity of this metal is revealed. Courtesy of B. Greenberg, 
North American Philips Corporation, 



It is easy enough to read the angles from the diffractometer trace and obtain 
d hkl ; but which planes do they correspond to? If the actual values for h, k , 
and / were known the lattice parameter could be determined from Eq. 3-1. But, 
in general we do not know the diffracting planes and additional information is 
required. 

It turns out that not every plane diffracts, an unexpected result that can be 
capitalized upon during analysis of diffraction patterns. For example, let 
us consider diffraction from the (100) plane of the BCC structure shown in 
Fig. 3-20. The rays from neighboring (100) planes (i.e., 1 and 3), a distance 
a apart, are in phase but are 180° out of phase with the ray scattered from 
the center atom of plane 2. As there are equal numbers of type 1 and 2 planes, 
the net diffracted intensity vanishes for this plane in BCC materials; 
however, the (200) planes with interplanar spacing all do diffract because 
the intensity cancellation will not occur for the second-order reflection 
(n = 2). Thus, complex wave phase relations between diffracted X rays 
within unit cells will cause there to be permitted as well as missing reflections. 
Table 3-3 lists the planes that do and do not diffract in SC, BCC, and FCC 
lattices. Note that in simple cubic lattices there are no missing reflections and 
all planes diffract. In BCC, h 2 + k 1 + / 2 must equal 2, 4, 6, 8, 10, and so on, 
whereas in FCC, h z + k 2 + l l has values of 3, 4, 8, 11, 12, and so on. This 
corresponds to k, k , l values that are all even or odd in both cases. 
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FIGURE 3-20 
TABLE 3-3 



Incident beam Diffracted beam 




Reflected X rays from (100) planes of the BCC unit cell. As a result of adding the amplitudes from 
neighboring diffracted rays, the ( 1 00) reflection vanishes. 



DIFFRACTING PLANES IN CUBE CRYSTALS 



I. Rules governing the presence of diffraction peaks 



Lattice 


Reflection present 


Reflection absent 


Simple cubic 


Every {hkl) plane 


None 


BCC 


[h + k + l) = even 


{h + k + l) = odd 


FCC 


{b, k , /) all odd or all even 


/?, k , / mixed even and odd 


2. 


Miller indices of diffracting planes in BCC and FCC 



Diffracting planes 

Cubic planes 

{/ilc/} Sum ft 2 + k 1 + I 2 BCC FCC 



{100} 

{110} 


1 

2 


110 




{111} 


3 


— 


111 


{200} 


4 


200 


200 


{210} 


5 


— 


— 


{211} 


6 


211 


— 


{220} 


8 


220 


220 


{221} 


9 


— 


— 


{310} 


10 


310 


— 


{311} 


11 


— 


3 1 1 


{222} 


12 


222 


222 







3.4. EXPERIMENTAL EVIDENCE FOR CRYSTAL STRUCTURE 



99 



EXAMPLE 3-6 



Identify the cubic ruet.il element that gave rise to the diffractometer trace 
shown in Fig, 3-19. Copper K n radiation was used with A = 0.15405 nm. 

ANSWER To identify the metal, values for 10 must be read from the trace 
and halved so that both sin 0 and sin*0 can be evaluated. Then from Eqs. 3-3 
and 3-4, d h ^ can be calculated and h 1 + k l + /* ratios obtained, respectively. 
Finally, a is extracted from Eq. 3-4. The results are best tabulated as follows: 



d hU Ratio j (nm) 



Line 


20 


0 


sin 6 


(nm) 


sin 1 # 


(h 1 + + fl) 


(h«) 


(Eq. 1-4) 


i 


44.52 


22.26 


0,3788 


0,2033 


0,1435 


3 


(111) 


0.1522 


2 


51.95 


25.97 


0.4179 


0.1760 


0.1918 


4 


(200) 


0.1518 


3 


76.37 


38,19 


0.6182 


0.1246 


0.3822 


8 


(220) 


0.3524 


4 


91.24 


Ab.bZ 




0,1060 


0,5283 


11 


(311) 


0.35 15 


5 


98,41 


49.22 


0.7572 


0.1018 


0.S7W 


12 


(222) 


0.3524 


6 


121.9 


60.96 


0,8742 


0,0881 


0,7644 


16 


(4(H)) 


0,3524 


y 


144,6 






0,0809 


0,9074 


19 


(33 1) 


0.1525 



The key to the analysis is identifying the crystal structure. Because the ratio 
of sirrfl for the first two diffraction lines is 0. 1435/0.1918 — 0,7482 or —0,750 
( - 2), the structure is FCC. Other lines are consistent with diffraction in FCC 
materials. The average value of a is determined to be 0,3522 nm and corres- 
ponds well to the accepted lattice parameter of nickel, a = 0.3524 nm. 



3.4.2. Seeing Atoms 

Seeing is believing, and the scientific as well as nonscientific skeptics among 
us will not be entirely happy until they actually see atoms. Inferring their 
positions indirectly to a fraction of an atomic dimension with the use of a ruler 
to measure diffraction patterns may still leave lingering doubts. Imaging atoms 
directly, however, offers the fascinating experience of visualizing phenomena 
in a unique way. In the past few decades remarkable progress has been made 
in exposing atoms to view. Two of the techniques developed for this purpose 
are field ion microscopy and scanning tunneling microscopy. 

3.4.2, 1 . Field Ion Microscopy 

Invented in the 1950s by E. Muller, field ion microscopy (FIM) employs a 
metal-tip specimen that is etched to a very fine point having a radius of curvature 
(r) of 50-100 nm. Viewing the tip head on, one sees that atoms in the form 
of tiny bumps are geometrically arranged over the crystalline terrain of a 
roughly hemispherical surface. The specimen is inserted into a surprisingly 
simple microscope, shown schematically in Fig. 3-21A, whose chamber is 
pumped to a very high vacuum (— 10' 11 atm). Other than the metal-tip speci- 
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FIGURE 3-21 



men, there is a television-like fluorescent screen for viewing the image and a 
means of introducing a pure imaging gas, e.g., helium. 

During operation, a high positive voltage (~~20 kV) is applied to the tip 
after vacuum has been attained. Helium is then introduced and becomes ionized 
in the vicinity of the tip. An extraordinarily high electric field of several hundred 
million volts per centimeter exists there. Under these conditions an electron is 
stripped from the gas and enters one of the protruding atoms where the electric 
field is concentrated. The resulting He + ion is strongly repelled from the positive 
tip and flies off in a line to impact the screen and light it up. Ionization occurs 



High voltage + 



Liquid 
hydrogen 



Emitter 

Conductive 
coating 



Screen 




(A) Schematic of a field ion microscope employing helium ions. (B) Field ion microscope image of a 
tungsten tip. From E, W. Muller, Advances in Electronics and Electron Physics , Vol. 1 3, Academic Press, 
New York (I960). 
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FIGURE 3-21 




( continued ). 



all over the specimen surface which is projected, via He ions, across the flat 
screen to produce the image. The surface of a tungsten tip imaged in this 
manner is reproduced in Fig. 3-21B. Note that atoms are arranged around 
circular stepped terraces that outline specific crystal planes. Geometric magnifi- 
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cations of 2.4 million times (the tip-screen distance divided by the tip radius) 
are attained in FIM. Disadvantages of FIM include its limited applicability to 
certain metals, the necessity to cool specimens to cryogenic temperatures (i.e., 
—20 K), the high vacuum requirement, and the possibility of an electric field- 
modified surface. Each of these disadvantages is dispelled in scanning tunnel- 
ing microscopy. 

3.4.2.2. Scanning Tunneling Microscopy 

Like FIM, scanning tunneling microscopy (STM) has the capability of form- 
ing images of atoms at high magnifications. In common, it also uses a metal 
needle or probe, whose tip is etched to almost an atomic radius. But this tip 
serves as a conductive electrode and is not the specimen being observed. In 
operation the tip is brought to within 1 nm of the specimen surface and rastered 
across it, in atomic scale increments, along both * and y directions (Fig. 3-22). 
An electron conduction current (known as a tunneling current) that is exponen- 




FIGURE 3-22 



Schematic of a scanning tunneling microscope. 
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tially dependent on the narrow vacuum gap distance between tip and specimen 
flows when a voltage is applied between them. In one mode of operation a 
feedback loop maintains a constant tunneling current by adjusting the tip 
height. The feedback signal necessary to do this is monitored as the tip scans 
across the atomic bumps, and is converted into an image such as the one shown 
for a (111) Si surface in Fig. 3-23 (see color plate). Interestingly, the exposed 
surface atoms do not assume the crystallographic positions associated with the 
bulk crystal lattice (111) plane. At the free surface covalent bonds are necessarily 
cut. Rather than dangle vertically upward they bend over and link with cut 
bonds from neighboring atoms. In this way the pair of involved electrons form 
a low-energy surface covalent bond. In the process, surface atoms move into 
new positions on the reconstructed Si surface. 

An allied technique known as atomic force microscopy (AFM) also senses 
the specimen surface topography with a fine probe tip. In this case a flexible 
cantilever beam supports the tip, which is either attracted to or repelled from 
the surface atoms. The forces responsible are attractive and van der Waals in 
nature for tip-specimen distances greater than 1 nm. For narrower gaps, 
electron cloud overlap in both tip and specimen results in repulsive forces. 
Sensitive force measurements during surface scanning are then converted into 
topographic images, and atomic resolution can be achieved in some cases. 
The ability to image insulators is a distinct advantage of AFM relative to 
STM methods. 
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Perfect crystal structures with all atoms situated in predictable lattice sites 
are rarely realized. Only in specially grown, oriented semiconductor single 
crystals is this ideal closely approximated in an engineering material over 
appreciable lattice dimensions. Polycrystalline solids consisting of numerous 
small single crystals or grains of random orientation invariably form during 
production and subsequent processing of materials. In them, errors abound in 
the perfect placement of atoms and the stacking of planes. Such effects tend 
to be magnified at the interfaces where grains fit together. At the outset a 
distinction should be made between such crystallographic defects and gross 
manufacturing defects and flaws like cracks and porosity. The latter are dealt 
with in Chapters 8, 10, and 15. Here our concern is with lattice defects having 
atomic size dimensions. What are the implications of such defects? How harm- 
ful are they? What properties are influenced by them? These questions are 
addressed in various ways in subsequent chapters with the benefit of additional 
concepts and knowledge of material properties. But first it is necessary to 
introduce crystallographic defects from a structural point of view, and that is 
what is done next. 
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3.5.1. Point Defects 

A good way to appreciate point defects is through Fig. 3-24. All of the 
defects shown roughly extend over a single lattice point. They can be divided 
into two categories: those intrinsic to the pure matrix, and those generated by 
either the intentional or accidental introduction of foreign atoms. 

3.5. 1. 1 . Vacancies 

These much studied intrinsic defects exist in all classes of crystalline materials 
and are represented by a missing atom from a lattice site (Fig. 24 A). As they 
are granted a probability of existence from an energy standpoint, vacancies 
cannot be eliminated from the lattice. It will be shown in Section 5-8 that an 
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FIGURE 3-24 



(A) Point defects in an elemental matrix. Shown are vacancies, interstitials, and impurity atoms. (B) 
Schottky defect consisting of a cation-anion vacancy pair. Also shown is a divalent ion-cation vacancy 
association. (C) Frenkel defect consisting of a cation interstitial-cation vacancy pair. Vacancies are shown 
as squares in B and C. 
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equilibrium vacancy concentration (C v ) varying exponentially with tempera- 
ture is predicted to exist. This dependence is given by 

C v = exp (-E w fkT), (3-6) 

where C v is the fractional concentration relative to all lattice sites, £ v is the 
energy required to form a vacancy in units of eV/atom or J/atom, k is the 
Boltzmann constant (k = 8.62 x 10“ 5 eV/K or 1.38 x 1CT 23 J/K), and T is 
the absolute temperature. Alternately, on a per mole basis the gas constant 
R is equivalently used, where R = N A k . Common values for R are 1.99 cal/ 
mol-K =8.31 J/mol-K. As an example, taking a typical value of £ v equal to 
1.0 eV (1 eV/atom = 96.53 kj/mol), at a temperature of 1273 K (1000°C), 
C v = exp [-1. 0/(8. 62 x 10“ 5 x 1273)] = 1.1 x 10" 4 . This means that about 
one lattice site in 10,000 will be vacant; however, at room temperature C v = 
1.2 x 10 -17 , a negligibly small concentration. 

The presence of a vacancy can cause a local relaxation or redistribution of 
atoms and electrons surrounding it. This accounts for their importance in 
phenomena involving atomic motion or diffusion in solids. Lattice atoms or 
impurity atoms that are completely surrounded by nearest-neighbor lattice 
atoms are not mobile. But, if there is an adjacent vacancy, then the two can 
exchange places and atomic motion is possible. This subject is addressed again 
in Section 6.3 when mass transport in solids is discussed. 

3.5. 1.2. Interstitials 

Atoms that take up positions between regular lattice sites are known as 
interstitials (Fig. 3-24A). The name is derived from sites that are interstices 
between the atoms. In this defect, atoms leave lattice sites and squeeze into 
relatively open positions between them. In FCC structures, for example, there 
are octahedral as well as tetrahedral interstitial sites where cages of either six 
or four large lattice atoms, respectively, surround the smaller interstitial atom. 
The center of the FCC unit cell (£, I, i) is an example of the former, whereas 
the (1, J, J) site is an example of the latter. 

3.5. 1.3. Point Defects in Ionic Compounds 

In alkali halides and metal oxides where positive and negative ions populate 
lattice sites, point defect structures are more complex. Maintenance of charge 
neutrality is the reason. To visualize the issues involved let us consider Fig. 
3-24B which depicts an electrically neutral lattice composed of monovalent 
(positive) cations and (negative) anions. Creation of a cation vacancy means 
the absence of a single positive charge or an effective negative lattice charge. 
This defect cannot exist by itself because the lattice is no longer electrically 
neutral. Therefore, a negative ion vacancy is created at the same time and the 
associated pair (positive ion vacancy + negative ion vacancy) is known as a 
Schottky defect. The fraction of Schottky defects relative to all molecules in 
the material is given by a formula similar to that for vacancies (Eq. 3-6); 
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however, the energy is halved because a pair of vacancies is involved. Another 
defect, shown in Fig. 3-24C, consists of a cation that hops into an interstitial 
site. The resulting cation vacancy— interstitial atom is known as a Frenkel 
defect. This defect occurs in AgCl. 

Alloying alkali halides can complicate the defect picture. For example, if 
CaCl 2 is added to NaCl the two Cl“ ions occupy two normal anion sites, but 
the single Ca 2+ ion can occupy only one cation site (Fig. 3-24B). To compensate 
for its extra charge an additional cation vacancy must be created. In such a 
case we must distinguish between two types of cation vacancies: those produced 
intrinsically simply by heating and described by Eq. 3-6, and those introduced 
extrinsically by alloying. Either way these defects play an important role in 
both material and charge transport processes in all types of ionic solids. Their 
influence is further discussed in Chapters 5 and 11. And as we shall later see, 
semiconductor doping has features in common with alloying ionic compounds. 

3.5.2. Dislocations 

Dislocations are defects that extend along a line of atoms in a crystalline 
matrix. They exist in all classes of solids but are most easily visualized in cubic 
lattices. There are two fundamental types of dislocations: the edge and screw. 
An edge dislocation can be imagined to arise by cutting halfway into a perfect 
crystal lattice, spreading the cut apart, and then inserting an extra half-plane 
of atoms. The resulting edge dislocation defect, denoted by a perpendicular 
symbol _L, is the line of atoms at the bottom of the inserted plane. It is shown 
in Fig. 3-25A together with one of its chief attributes, the Burgers vector. If a 
closed loop clockwise traverse is made about a perfect lattice, then the endpoint 
(f) coincides with the starting point (i). A similar traverse around a region 
containing the core of an edge dislocation will not close, and the direction 








FIGURE 3-25 



Atomic positions surrounding edge (A) and screw (B) dislocations in a crystal lattice. Burgers vector, b, 
lies perpendicular to the edge dislocation line and parallel to the screw dislocation line. 




3.5. DEFECTS IN CRYSTALLINE SOLIDS 



107 



connecting the endpoint to the initial point is known as the Burgers vector b. 
The vector sense is arbitrarily assigned by convention as indicated, and its 
magnitude is one lattice spacing. Furthermore, the Burgers vector is perpendicu- 
lar to the dislocation line. A single dislocation in germanium, imaged by high- 
resolution transmission electron microscopy methods, is shown in Fig. 3-26 
together with the Burgers circuit that defines it. 




FIGURE 3-26 



Electron microscope lattice image of an edge dislocation in germanium. The image is of the (III) plane. 
From A. Bourret and J. Desseaux, Journale de Physique C 6 , 7 (1979). 
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As before, the second type of dislocation can be imagined to arise by first 
making a cut halfway into the lattice. Then one-half is sheared up, the other 
down until a total relative displacement of one atomic spacing occurs. The 
resulting screw dislocation is shown in Fig. 3-25B together with the Burgers 
vector that defines it. Making a clockwise circuit about the axis of the disloca- 
tion is like going down a spiral staircase. The closure error or Burgers vector 
is parallel to the screw axis. In this case b is parallel to the dislocation line. 
Screw dislocations are often seen in the structure of crystals deposited from 
the vapor phase onto suitable substrates that serve as templates for growth. 
Substrate defects, especially screw dislocations, are perpetuated into the grow- 
ing film by atomic extensions of the spiral ramp. 

It frequently happens that a single continuous dislocation line can acquire 
mixed edge and screw character merely by turning a 90° angle corner in the 
crystal. A view of such a mixed dislocation structure is depicted in Fig. 3-27A. 
The emergence of edge and screw dislocations on crystal surfaces suggests a 
way to decorate them and perhaps distinguish individual dislocation types. 
Chemical etching is expected to be greater where dislocations emerge because 
atoms are more reactive there relative to atoms on defect-free surfaces. In 
addition, the resulting attack reflects the crystal orientation. Starting at the 
dislocation core the etching action laterally widens the base of the pyramidal 
pit as it deepens the apex. Eventually etch pits become large enough to be seen 
optically as in Fig. 3-27B. Destructive corrosive pitting of metals occurs by a 
similar mechanism. 

Dislocation defects play a very vital role in influencing the mechanical behav- 
ior of crystalline solids. Section 7.4 is devoted to (1) a comprehensive examina- 
tion of properties of individual as well as large numbers of interacting disloca- 
tions, (2) how dislocations are generated, and (3) how they respond to applied 
stresses. Much of the current interest in dislocations focuses on semiconductor 
materials, which are required to be defect free. Strategically located dislocations 
in crystalline regions that are only atomic dimensions in size can seriously 
impair electrical functions and render microelectronic devices useless. 

3.5.3. Grain Boundaries 

Virtually all of the materials considered until now have been single crystals. 
In them the ordered atomic stacking extends over macroscopic dimensions. 
All sorts of precious and semiprecious gems found in nature are essentially 
single crystals. Research in the solid state is often conducted on single crystals, 
as free of defects as possible, to assess intrinsic material properties. This usually 
necessitates growth by special techniques described in Sections 6.4.3 and 12.5.2. 
Single crystals are not laboratory curiosities, however, and they are grown for 
commercial electronic (silicon, quartz), magnetic (garnets), optical (ruby), and 
even mechanically functional (monocrystal metal turbine blade) applications. 
They can weigh 50 kg and be 30 cm in diameter. The reason for using single 
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FIGURE 3-27 



(A) Curved dislocation line with mixed edge and screw components that emerge on mutually perpendicular 
surfaces. (B) Left: Pyramidal dislocation etch pits on the cleaved (100) surface of LiF; right: triangular 
etch pits on the cleaved (III) surface of CaF 2 . From W. G. Johnston, Progress in Ceramic Science , Vol. 
2, Pergamon Press, New York (1962), 
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crystals is to eliminate the adverse influence of grain boundaries. These surface 
or area defects are the interfaces that separate individual single-crystal grains 
from one another. 

In the hierarchy of defects, grain boundaries are the most structurally com- 
plex because they embody aspects of dislocations, point defects, and displaced 
atoms in a complex admixture. The simplest model of a grain boundary involves 
tilting two adjacent single-crystal grains relative to each other by a small angle 
<f> as illustrated in Fig. 3-28A. When the crystals are welded together at the 
interface (Fig. 3-28B), a column of isolated edge dislocations is stacked vertically 
a distance L apart, where L is essentially b /<f>. We speak of subgrain boundaries 
when very small angles are involved. For larger and arbitrary misorientations 
between grains, the geometric structural patterns of the resulting high-angle 
boundaries can be difficult to discern. Careful crystallographic analysis of grain 
boundaries in solids has revealed the common appearance of a high-angle-tilt 




FIGURE 3-28 



Dislocation structure of a small-angle-tilt grain boundary. (A) Separate crystals. (B) Crystals joined to 
form a tilt boundary. At a tilt angle of <f> = —8°, L = 7b. 
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angle boundary with </> = 36*9°. The reason for the stability of this boundary 
is that every fifth atom in it is precisely coincident with the lattice geometry 
of both adjoining crystals. Known as a coincidence lattice site boundary (Fig. 
3-29A), a high-resolution image of it is shown in niobium (Fig. 3-29B). There 
are also twist grain boundaries composed of screw dislocations but they are 
more complex structurally. 

As grain boundaries are relatively open structurally, atoms attached to the 
boundary tend to be more energetic than those within the bulk. This is apparent 
in the atomic energy displacement curve (e.g., Fig. 2-12) where larger average 
atomic spacings mean higher energies. Therefore, grain boundaries are the 
preferred location for chemical reactions (e.g., etching, corrosion) as well as 
the solid-state mass transport effects discussed in Chapter 6 (e.g., diffusion, 
atomic segregation, phase transformation, precipitation). Furthermore, grain 
boundaries are often stronger than the bulk at low temperatures and help resist 




FIGURE 3-29 



(A) Model of a coincidence lattice-site boundary. Darkened atoms in grain on right lie in a geometric 
pattern that coincides with lattice points of left grain. (B) High-resolution electron microscope image of 
a 36.9° coincidence lattice-site grain boundary in niobium. Notice that Nb atoms are dark. Courtesy of 
G. H. Campbell, Lawrence Livermore National Laboratory. 
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the processes of deformation under stress. But at elevated temperatures, they 
are weaker than the bulk and when the material breaks, the fracture often 
propagates along a grain boundary path. The dividing line is approximately 
half the melting temperature (in degrees Kelvin), above which atomic motion 
and reactions are favored at grain boundaries, weakening their integrity. A 
more detailed discussion of these issues is presented in Chapters 7, 9, and 10, 
dealing with mechanical properties. 

Great efforts are made to eliminate any hint of grain boundaries in semicon- 
ductor materials. An exception is Si solar cells, where cheaper-to-produce 
polycrystalline cells are often suitable for the application. In addition, other 
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surface defects known as stacking faults are occasionally observed in single- 
crystal Si. Since they occur in other solids as well they are worth brief comment. 
As already noted, in perfect FCC structures atomic layers are ordered in sequen- 
tial ABCABCABC. . . fashion. But, if the planar ordering is disrupted slightly 
and the sequence is ABCBABCABC. . . (by adding an extra B row) or is ABCA- 
CABC. . . (by withdrawing a B row), then stacking faults are created. Frequently 
nucleated at impurities such as oxides, stacking faults in Si fan out and, when 
they intercept the surface, create defects that are visible in the shape of triangles 
or squares. The geometric boundaries separate stacking faults from perfect ma- 
terial. 
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3.6.1. Introduction 

The common method for producing large volumes of engineering materials 
necessarily involves the simultaneous operation of numerous growth centers. 
In casting, for example, molten metals transform to solid crystallites all over 
the mold walls as well in the melt interior. Details of solidification are considered 
later in Sections 5.6.4 and 8.2. Typically, solid treelike projections known as 
dendrites first form at the mold wall. They jut into the melt, growing preferen- 
tially along a prominent crystallographic direction, for example, [ 1 00] . Second- 
ary arms then sprout and grow in mutually perpendicular directions as dendrites 
thicken. With further melt consumption, dendrites impinge against one 
another, and a polycrystalline mass is produced. All the while heat transfer, 
impurity, and fluid flow effects play important roles in the evolution of 
resulting grain sizes, shapes, and crystallographic orientations. Dendrites 
and the development of the cast grain structure in rectangular molds are 
displayed in Fig. 3-30. 

Collectively, the geometric features displayed constitute the structural mor- 
phology, also commonly known as the grain structure. Each grain has a particu- 
lar crystallographic orientation that extends to the limits of the enveloping 
grain boundary. Materials in bulk or thin-film form, prepared by various 
methods (casting, consolidation of powders, mechanical forming, deposition 
from the vapor or liquid phase, etc.) and treated subsequently by thermal or 
mechanical means, display grain structures that reflect the prior processing and 
varied geometric constraints. And this is true of all classes of materials. It is 
fair to say that creation and control of optimal grain structures is one of the 
primary concerns of materials scientists and engineers . Chapters 5 and 6 are 
largely dedicated to the underlying issues involved in accomplishing this. But 
first it is helpful to appreciate nature’s morphological designs and the ways in 
which they are revealed. 
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3.6.2. Grain Structure and Topology 

Much can be learned about grain structure through optical examination. 
Sometimes grains are large enough to be seen with the unaided eye; zinc grains 
on galvanized steel sheet are an example. But usually grain sizes are very small, 
necessitating viewing with the aid of a microscope. Preparing specimens for 
optical metallographic observation first requires preparation of a flat, mirror- 
like surface through a series of grinding and polishing steps, with care taken 
to eliminate all scratches. Bulk metals, ceramics, semiconductors, and polymers 
are opaque and therefore cannot be viewed in transmitted light the way thin 
biological specimens can. Rather, they must be illuminated from above in a 
metallurgical microscope as shown in Fig. 3-31. Optical magnifications of 
— 1500 X are possible. Revealing the grain structure, however, requires that 
the grain boundaries be delineated by etching with a suitable chemical solution 
that preferentially attacks them; light impinging at grain boundaries is then 
scattered, making them appear dark. Beautiful collections of microstructures 
have been published and reproducing a few of them cannot pretend to be 
representative. Nevertheless, a number of material structures obtained by opti- 
cal microscopy are reproduced in Fig. 3-32, immediately revealing their artis- 
tic attributes. 

Grain structures are generally tip sections of underlying icebergs. When 
individual grains of metal are separated from one another by treatment with 
liquid mercury or gallium, polyhedral shapes like those depicted in Fig. 3-33A 
have been observed. The resemblance to individual soap bubbles in a froth 
(Fig. 3-33B) is striking. Even in human fat tissue and vegetable cells there is 
a grain topology that parallels that of the inorganic materials dealt with here. 
Topological features of metal and soap grain polyhedra have been analyzed 
with the following interesting conclusions: 

1. The average grain has about 13 faces (F). 

2. The average polygon face has very nearly 5 sides or edges. 

3. Each grain has about 23 corners (C). 

According to topological considerations for stacked polyhedral grains sharing 
faces and corners, 

FI 2 - C/4 = 1. (3-7) 

Measured values of F = 14.50 and C = 24.85 for brass and F = 12.48 and 
C = 20.88 for an Al-Sn alloy are in excellent agreement with Eq. 3-7 as simple 
substitution will show; soap bubbles parameters are in perfect agreement. 



FIGURE 3-30 



(A) Depiction of dendrites growing into a melt. After D. Apelian. (B) Computer simulation of grain 
structure in a rectangular ingot. Actual ingot cross sections look quite similar. Reprinted from Acta 
Metallurgical 40 , F. Zhu and W. Smith, 683 and 3369, Copyright (1992), with permission from Elsevier 
Science Ltd., Pergamon Imprint, The Boulevard, Langford Lane, Kidlington OX5 1 GB, UK. (C) Scanning 
electron microscope image of a cast dendritic structure in a nickel base superalloy (I50x), Courtesy of 
G. F. Vander Voort, Carpenter Technology Corporation. 
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To Camera — - 




FIGURE 3-31 



Optical path in the cutaway view of a metallurgical microscope. Light enters the microscope and is 
reflected by the half-silvered mirror down toward the specimen. Reflected light from the specimen passes 
through both the objective and eyepiece lenses. The image magnification is a product of the magnifying 
power of these two lens systems. Contrast within grains and at grain boundaries is illustrated in the 
inset. Courtesy of Olympus Optical Company, Ltd. 



The topological analysis just presented is too complex for routine character- 
ization of grain structures. Two- rather than three-dimensional information 
is normally available from microscopes. Therefore, a simpler measure that 
characterizes grain structure is grain size. The American Society for Testing 
and Materials (ASTM) has defined the grain size («) as a direct function of 
the number of grains (N) observed per square inch at 100 x magnification. Ex- 
plicitly, 



N = 2 n ~\ 



( 3 - 8 ) 
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Application of this formula is made in Example 3-7. Grain sizes and statistical 
parameters defining structural features and geometries are now commonly 
determined by computerized image analysis methods. 

3.6.3. Scanning Electron Microscopy 

Scientific disciplines are identified by the tools they use. In materials science 
and engineering the scanning electron microscope (SEM) is perhaps the most 
widely used tool. It enables structural characterization at magnifications rang- 
ing from a few times to ~ 150,000 x. Unlike optical microscopy, sample prepa- 
ration is not normally required. By adding the ability to perform rapid elemental 
X-ray microanalysis (see Section 2.3.1), excellent structural and chemical analy- 
sis capabilities have been integrated into a single instrument. But this does not 
even begin to indicate the importance of the SEM in science and technology. 
More than any other analytical instrument our substantial industrial investment 
in the microscopic world of microelectronics, optoelectronics, and microbiol- 
ogy has been possible because of the SEM. Without it, advances in these fields 
would be impossible. 




FIGURE 3-32 



Optical micrographs of materials. (A) a brass alloy containing 70 wt% Cu-30 wt% Zn (I00x). (For 
parts B and C, see color plates.) (D) Snowflake. Note the hexagonal symmetry (see Fig. 2-20). 
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A photograph of a modern scanning electron microscope appears in Fig. 
2-5; a schematic of its components and operation is shown in Fig. 3-34. Very 
briefly, electrons are emitted from a heated (cathode) filament and drawn to 
the anode by virtue of the —30 kV potential difference applied between them. 
Electrons travel down the evacuated microscope column where successive con- 
denser and objective lenses reduce the beam spot size to several nanometers 
in diameter. Then it impinges on the specimen, converting its energy into 
electronic excitation of the surface layers. Depending on the magnification 
required, scanning coils cause the finely focused electron beam to raster across 
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FIGURE 3-33 





(A) Some grain shapes in an Al-Sn alloy traced from stereoscopic micrographs. (B) The shape of bubbles 
in a froth. From C. S. Smith, Metallurgical Reviews, Vol. 9, Institute of Metals, London, 1964. 



a preselected rectangular area A s of the specimen. In concert, low-energy (sec- 
ondary) electrons are emitted from the specimen surface and collected by a 
detector. External to the SEM there is a cathode ray or TV tube whose electron 
beam also rasters, but across a screen of fixed area, A CRT . The two raster scans 
are coupled and the SEM signal modulates the intensity of the TV image. A 
greater secondary electron signal is emitted from sharp edges and corners of 
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FIGURE 3-34 




Cathode 
Wehnelt cylinder 

Anode 




- Spray aperture 




First condenser lens 




Second condenser lens 



Double deflection coil 




Schematic of the scanning electron microscope. From J. I. Goldstein, D. E. Newbury, P. Echlin, D. C. 
Joy, C. Fiore, and E. Lifshin, Scanning Electron Microscopy and X-Ray Microanalysis , Plenum Press, New 
York, 1981. 
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the topography than from flat surfaces. This source of contrast, together with 
the great depth of focus, is responsible for the dramatic images SEMs are 
capable of yielding. The image magnification M is simply given by 

M = A crt M s . (3-9) 

Observation of grain morphology, fracture surfaces of materials, polymer 
composites, integrated circuit topography, sintered powder products, and all 
aspects of failure analysis are some of the materials, devices, and applications 
suited to SEM investigation. A potpourri of SEM images in Fig. 3-35 illustrates 
some of these capabilities. 




FIGURE 3-35 



Assorted SEM images. (A) Ductile fracture surface of stainless steel. (B) Fracture surface of Al 2 0 3 . 
Courtesy of R. Anderhalt, Philips Electronic Instruments Company, a Division of Philips Electronics North 
America Corporation. (C) Polymer composite of carbon fibers in an epoxy matrix. From L. C. Sawyer 
and D. T. Grubb, Pol/mer Microscopy, Chapman & Hall, London (1987). (D) "SEM-Ant-ICs.” An ant 
with an 1C chip in its mandibles. Courtesy of Philips Electronic Instruments Company, a Division of Philips 
Electronics North America Corporation. 
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3.6.4. Transmission Electron Microscope 

The transmission electron microscope more closely resembles an optical 
microscope than an SEM because the latter builds images bit by bit through 
sequential scanning, whereas the TEM receives the image all at once. But, as 
shown schematically in Fig. 3-36, it is more instructive to compare TEM optics 
with those of the common slide projector. The lamp is like the electron source, 
and the slide is the thin specimen whose image is magnified by the projector 
(projection) lens. Transmission optical microscopes used to view thin biological 
specimens have a similar arrangement of lenses. Unlike the SEM which images 
only the material surface, the entire thickness of the TEM specimen is sampled 
by the impinging electron beam. But because electrons can typically penetrate 
only through -TOO nm to ~1 /xm of a solid with the range of operating 
voltages available (100 kV normally, up to 1 MV in special TEMs), materials 
must be thinned to these thicknesses prior to observation. This requirement 
makes the TEM a less routine analytical tool than, say, the SEM. Rather, the 
TEM is primarily a research tool; one such high-performance instrument is 
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TEM 



Illumination 



v 




Slide projector 




Comparison of the electron and optical imaging systems in the transmission electron microscope (left) 
and slide projector (right). All components in the TEM are enclosed in an evacuated column. 



shown in Fig. 3-37. And a marvelous instrument it is because it not only provides 
high-resolution images of structures, but yields crystallographic information as 
well. 

Electrons in the TEM possessing kinetic energies (KE) of 100 keV (1.6 X 
10 14 J) travel down the column axis with a velocity of v = (2KE lm e ) l/1 or 
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FIGURE 3-37 



Modern transmission electron microscope. In addition to excellent imaging and diffraction capabilities 
this instrument can perform elemental analysis over nanometer-size areas. The energy-dispersive (EDX) 
fluorescent X-ray spectrum of the imaged region is shown on the right-hand monitor. Courtesy of Philips 
Electronic Instruments Company, a Division of Philips Electronics North America Corporation. 



[2(10 5 eV x 1.60 x 10“ 19 J/eV)/9.11 x 10 31 kg] 1/2 = 1.87 x 10 8 m/s. 
Through the de Broglie relationship (Eq. 2-1) this translates into an electron 
wavelength of X = h/mv, or (6.62 x 10 -34 J-s)/(9.11 x 10“ 31 kg)(1.87 x 10 8 
m/s) = 3.89 x 10~ 12 m, or 0.00389 nm. Therefore, diffraction effects similar 
to those obtained with X rays are possible at small diffraction angles. Image 
contrast occurs when the beam illuminates and scatters from lattice irregulari- 
ties, for example, dislocations, grain boundaries, interfaces, precipitates, and 
distortion due to stress. The short wavelength confers the high resolution of 
the instrument, enabling features smaller than 0.2 nm, such as crystal planes, 
to be resolved. This compares with more than 2 nm in a good SEM. By 
employment of high-resolution lattice imaging techniques, atom positions can 
be inferred, and this is how the stunning electron micrographs of Figs. 3-26 
and 3-29B were obtained. 
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One of the important advances in TEM techniques enables cross sections 
to be imaged. This method is indispensable for viewing through the side dimen- 
sion of coatings and films that are already thin in plan view. The tedious 
thinning required is rewarded by the high-resolution cross-sectional views of 
interfaces and layers in all kinds of materials and microelectronic devices. A 
number of TEM images illustrating the techniques described above are shown 
in Fig. 3-38. 



EXAMPLE 3-7 



Determine the ASTM grain size number for the structure in Fig. 3-38A* 

ANSWER In Fig. 3-38A there are approximately 28 “half-grains’* cut by the 
photograph edges contributing I X 28 = 14 grains. In addition there are -30 
interior grains for a total of 44 grains. These are contained in an area of 
3 in. x 4 in. = 12 in. 2 . This is comparable to an area of 12(100/72, 50G} 2 — 
2.28 x 10“ 5 in. 2 a t lOOx, Therefore, by Eq. 3-8, 

n = 1 + In Nf In 2=1+ In(44/2.28 x 10” 5 )/In 2 = 21.9. 

Note the extremely small grain dimensions in thin polycrystalline films. 

3.6.5. The AFM Revisited 

This section closes with the atomic force microscope image, shown in Fig. 
3-39, of a deposited array of polycrystalline Si pillars each measuring 1.5 X 
1.5 x 0.5 fjb m. For comparison the human hair is about 75 fxm in diameter. 
Typical bacteria and red blood cells are several times larger than the size of 
the pillar. Imaging of structures always reveals surprises; one never knows 
what will turn up when the microscopic world is probed. 



3.7. PERSPECTIVE AND CONCLUSION 

The structure of matter telescopes a hierarchical order extending from sub- 
atomic particles (<0.01 nm in size), to atoms (—0.1 nm in diameter) in solids 
that are positioned in orderly lattice arrays (with features of roughly the same 
size), to tiny crystallites 10-100 nm, to grains of engineering metals more than 



FIGURE 3-38 



Images of materials obtained in the transmission electron microscope. (A) Plan view of a thin aluminum 
film (72,500 x). Courtesy of D. A. Smith. (B) TEM cross-section of an indium phosphide semiconductor 
diode laser structure. Courtesy of R. Hull, AT&T Bell Laboratories, (C) Electron diffraction pattern of 
polycrystalline iron film. Courtesy of S. Nakahara, AT&T Bell Laboratories. (D) High-resolution lattice 
image of ceramic superconductor (see Fig. 4-24). Courtesy of T. M. Shaw, IBM Corporation. 
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FIGURE 3-39 



Atomic force microscope image of etched silicon pillars. Courtesy of J. E. Griffith, AT&T Bell Laboratories. 



10,000 nm, to aggregates of grains in engineering structures yet thousands of 
times larger. Increasingly the microscopic world has become the arena of 
attention where technological progress has enabled materials processing, fabri- 
cation, and characterization at unprecedented dimensional levels. 

It is found that the diversity of crystalline solids can be divided into only 
14 categories or Bravais lattices. The four major classes of solids can each 
enumerate representatives with different Bravais lattices among their number, 
and conversely, there are examples of different types of materials having the 
same crystal structure. Fortunately, many important engineering materials crys- 
tallize as cubic solids. At the level of atomic lattices, coordinate geometry 
suffices to fix imporant crystallographic planes and directions. Periodicity or 
endless repetition of atomic stacking makes it possible to employ both X-ray 
and electron diffraction methods to reveal the details of lattice geometry. Atoms 
are never directly seen by employing X-ray techniques. Rather, we totally 
rely on Bragg’s law, which in turn necessitates measurement of angles where 
diffraction occurs. By using a ruler and straight edge, diffraction data can 
unerringly yield values of interatomic spacings with great accuracy. It is para- 
doxical that when atoms are actually imaged by field ion or scanning tunneling 
microscopy, the resultant atomic dimensions cannot be determined to within 
much better than a percent or so. In contrast, X-ray diffraction yields values 
that are precise to better than 0.01%. The disadvantage of X-ray methods is 
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their limited ability to probe and provide structural information over micro- 
scopic dimensions. Transmission electron microscopy overcomes this short- 
coming, enabling very high spatial resolution to be achieved. Because diffraction 
angles cannot be measured as precisely with the TEM as with X rays, techniques 
based on the latter remain the standard source of lattice parameter information. 

Direct observation of structures has revealed the ubiquitous presence of 
crystallographic defects. They are classified into point (vacancy), line (disloca- 
tion), and surface (grain boundary) categories. All of them play lesser or greater 
roles, acting either singly or collectively, in influencing virtually all material 
properties. In particular, dislocations and grain boundaries are effective in 
disrupting perfect lattices and often have an important beneficial influence on 
the development of certain mechanical properties. On the other hand, defects 
of any kind cannot be tolerated in semiconductor devices. Easiest to observe 
are grain boundaries; most difficult are vacancies, but even these elusive entities 
have been imaged by both FIM and STM. 

Although materials science perhaps has a bias toward crystallographic de- 
scriptions of structure, materials engineering stresses structural morphology. 
The optical and scanning electron microscopes have thus become important 
engineering tools. They do not sample structural information at the atomic 
level and, therefore, frequently see “forests rather than trees” of structural 
information. All too often little of the internal atomic geometry is recognizable 
in the external structural morphology; but sometimes there is a strong resem- 
blance. The most complete structural description of solids requires a creative 
synthesis of the two approaches and knowledge of the limitations of each. 

Additional Reading 
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G. Thomas and M. J. Goringe, Transmission Electron Microscopy of Materials , Wiley, New 

York (1979). 

G. F. Vander Voort, Metallography , Principles and Practice , McGraw-Hill, New York (1984). 

D. B. Williams, A. R. Pelton, and R. Gronsky, Images of Materials , Oxford University Press, New 
York (1991). 



QUESTIONS AND PROBLEMS 

3 - 1 . a. Cesium metal has a BCC structure with a lattice parameter of 0.6080 nm. 
What is the atomic radius? 

b. Thorium metal has an FCC structure with a lattice parameter of 0.5085 
nm. What is the atomic radius? 

3 - 2 . a. Rhodium has a lattice parameter of 0.3805 nm and the atomic radius is 
0.134 nm. Does this metal have a BCC or FCC structure? 
b. Niobium has a lattice parameter of 0.3307 nm and the atomic radius is 
0.147 nm. Does this metal have a BCC or FCC structure? 
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3 - 3 . Calculate the atomic packing factor for GaAs assuming the structure is com- 
posed of Ga and As ions. Compare your answer with that for Example 3-2. 

3-4. What is the atomic planar density (APD) on the (100) and (111) planes of Si? 

3 - 5 . Calculate APD for the (111) plane of copper. What is the linear atomic density 
along the [110] direction in this plane? 

3 - 6 . Can you suggest a reason why silicon (111) planes oxidize more rapidly than 
(100) planes? 

3 - 7 . Titanium undergoes an allotropic phase change from HCP to BCC upon heating 
above 882°C. Assume that in HCP Ti, a = 0.295 nm and c = 0.468 nm, while 
in BCC Ti, a = 0.332 nm. What is the fractional volume change when HCP 
Ti transforms to BCC Ti? 

3 - 8 . Based on atomic weights and structural information show that gold and tung- 
sten essentially have the same density. Calculate the density of each. 

3 - 9 . Show that the ideal cl a ratio in the HCP structure is 1.633. 

3 - 10 . Demonstrate that the densities of FCC and ideal HCP structures are identical 
if sites are populated by atoms of the same size and weight. 

3 - 11 . Calculate the theoretical density of beryllium from the known structure. 

3 - 12 . Calculate the percentage volume change when FCC y iron {a = 0.365 nm) 
transforms to BCC 8 iron (a = 0.293 nm) at 1394°C. 

3 - 13 . Cobalt exists in an FCC form with a = 0.3544 nm. What is the theoretical 
density of the FCC form of Co? What is the theoretical density of HCP Co? 

3 - 14 . CaO has a rocksalt structure with a lattice parameter of 0.480 nm. Determine 
the theoretical density of CaO and the number of atoms per unit cell. 

3 - 15 . Calculate the density of GaAs if the lattice constant is 0.5654 nm. 

3 - 16 . What are the Miller indices of planes a, b, and c in Fig. 3-40? 




3 - 17 , What are the Miller indices of directions 1, 2, and 3 in Fig. 3-41? 

3 - 18 . Atoms of a body-centered tetragonal metal are arranged in a square array on 
the (001) plane with a lattice constant of 0.460 nm. On the (100) and (010) 
planes, atoms are arranged in a rectangular array with lattice constants of 
0.460 and 0.495 nm. Sketch the atomic positions on the (110) plane and 
indicate the dimensions. 
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3-19. In a two-dimensional flatland there are five distinct surface point lattices where 
each point has the same surroundings. Can you draw and characterize them? 

3-20. Explain why we can determine the lattice contants of materials with extraordi- 
nary precision by X-ray diffraction, but with considerably less precision and 
accuracy using electron diffraction methods. 

3-2 L Select all of the directions that lie in the (111) plane of a cubic crystal: 
a. [Ill] b. [Ill] c. [100] 

d. [110] e. [112] f. [101] 

g. [321] h. [211] i. [523] 

j. [102] 

3-22. For a cubic system select all the planes in which direction [Oil] can lie: 



a. 


(101) 


b. 


(100) 


c. (311) 


d. 


(111) 


e. 


(111) 


f. (201) 


g- 


(112) 


h. 


(200) 


i. (110) 


j- 


(Oil) 









3-23. a. Determine the Miller indices of the plane that passes through the three 
coordinate points (0, 0, 1), (z, 1, £), and (1, J) within a cubic lattice. 

b. What are the coordinates of the intercepts on the x, y, and z axes? 

c. What are the Miller indices of the direction connecting the last two points 
of part a? 

3-24. A plane intercepts the x , y, and z coordinate axes of a cubic lattice at points 
whose coordinates are (100), (020), and (003). 

a. What are the Miller indices of the plane? 

b. Consider a parallel plane contained wholly within the unit cube. What are 
its intercepts on the x, y, and z axes? 

c. If the lattice parameter is <z, what is the distance between neighboring planes 
having these indices? 

3-25. Titanium K a X rays can be generated in a SEM (described in Section 2.3) or 
by using an X-ray tube (described in Section 3.4.1). What are the similarities 
and differences between these two kinds of X-ray sources? 

3-26. Distinguish among the following three major applications of X rays: (a) lattice 
parameter determination, (b) identification of elements in a material, (c) medical 
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3 - 3 . Calculate the atomic packing factor for GaAs assuming the structure is com- 
posed of Ga and As ions. Compare your answer with that for Example 3-2. 

3 - 4 . What is the atomic planar density (APD) on the (100) and (111) planes of Si? 

3 - 5 . Calculate APD for the (1 1 1) plane of copper. What is the linear atomic density 
along the [110] direction in this plane? 

3 - 6 . Can you suggest a reason why silicon (111) planes oxidize more rapidly than 
(100) planes? 

3 - 7 . Titanium undergoes an allotropic phase change from HCP to BCC upon heating 
above 882°C. Assume that in HCP Ti, a = 0.295 nm and c = 0.468 nm, while 
in BCC Ti, a = 0.332 nm. What is the fractional volume change when HCP 
Ti transforms to BCC Ti? 

3 - 8 . Based on atomic weights and structural information show that gold and tung- 
sten essentially have the same density. Calculate the density of each. 

3 - 9 . Show that the ideal da ratio in the HCP structure is 1.633. 

3 - 10 . Demonstrate that the densities of FCC and ideal HCP structures are identical 
if sites are populated by atoms of the same size and weight. 

3 - 11 . Calculate the theoretical density of beryllium from the known structure. 

3 - 12 . Calculate the percentage volume change when FCC y iron ( a = 0.365 nm) 
transforms to BCC 5 iron ( a = 0.293 nm) at 1394°C. 

3 - 13 . Cobalt exists in an FCC form with a - 0.3544 nm. What is the theoretical 
density of the FCC form of Co? What is the theoretical density of HCP Co? 

3 - 14 . CaO has a rocksalt structure with a lattice parameter of 0.480 nm. Determine 
the theoretical density of CaO and the number of atoms per unit cell. 

3 - 15 . Calculate the density of GaAs if the lattice constant is 0.5654 nm. 

3 - 16 . What are the Miller indices of planes a 9 b , and c in Fig. 3-40? 



3 - 17 . What are the Miller indices of directions 1, 2, and 3 in Fig. 3-41? 

3 - 18 . Atoms of a body-centered tetragonal metal are arranged in a square array on 
the (001) plane with a lattice constant of 0.460 nm. On the (100) and (010) 
planes, atoms are arranged in a rectangular array with lattice constants of 
0.460 and 0,495 nm. Sketch the atomic positions on the (110) plane and 
indicate the dimensions. 






CHAPTER 3 STRUCTURE OF SOLIDS 



vapor phase condense sequentially on this surface and circular growth spirals 
are observed. Why? 

3 - 38 . A thick ( 1 00) silicon substrate with a lattice constant of 0.543 1 nm is dislocation 
free. Then a layer of germanium (a = 0.5657 nm) is deposited on top with 
the same orientation. Careful examination of the planar interface between 
these semiconductors reveals the presence of dislocations. Why? 






POLYMERS, GLASSES, CERAMICS, 
AND NONMETALLIC MIXTURES 





® This chapter introduces two of the four important classes of engineering 

materials: polymers and ceramics. These include some of the oldest as well as 
some of the newest materials used by humans. Fired clays, glasses, and ceramic 
materials that contain mixtures of glassy and crystalline constituents were 
produced and used even before historical records were kept; synthetic polymers, 
on the other hand, date only to the last century. The former materials are 
inorganic in nature and generally produced at high temperatures; in contrast, 
polymers have organic compositions and are formed at low temperatures. 
Nevertheless, both display some common structural features. For example, 
ceramics are usually crystalline but can be disordered or amorphous; polymers 
are usually amorphous but can exhibit crystallinity. The closest parallels exist 
between amorphous inorganic glasses and polymers. In addition, both classes 
of materials are poor conductors of electricity and best suited to play important 
roles as insulators and dielectrics. Their mechanical properties range from hard 
and brittle ceramics to very soft and extendable rubbery polymer materials. 
These electrical and mechanical properties, as well as the methods used to 
process polymers and ceramics into useful shapes, are dealt with in subsequent 
chapters. Although ordered crystalline states of matter have been the focus of 
the book until now, this chapter deals with noncrystalline materials and mix- 
tures of both for the first time. 
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Polymeric materials have made and continue to make great inroads into 
applications traditionally met by metal usage. As Fig. 4-1 A indicates, polymer 
production and usage have grown at a far more rapid rate than production 
and use of metals in the last quarter of a century. Due largely to their ease of 
processing, high strength-to-weight ratios, low density (typically —1.5 Mg/m 3 
compared with —7.5 Mg/m 3 for metals), and competitive costs, polymers and 
polymer-based composite materials continue to find expanded usage, particu- 
larly in automobiles and aircraft. Polymers have also replaced glass and ceramic 
materials in food containers, dinnerware, and assorted kitchen and toilet acces- 
sories. Chapters 7 and 9 address the mechanical properties of polymers and 
composites and reasons for their increasing selection in engineering design. 

Ceramic materials have a number of attractive advantages relative to other 
materials. These include high melting points, great hardness, low densities, 
and chemical and environmental stability. However, ceramics are severely 
handicapped by a lack of toughness. Their intrinsic inability to absorb shock 
loading causes them to fracture in a brittle manner rather than deform in a 
ductile fashion the way metals do. Although they do not normally compete 
with metals, ceramics stand poised to potentially replace metals in selected 
applications, for example, high-temperature gas turbine engines and cutting 
tools. Ceramic materials still retain their traditional usage in pottery, bricks, 

A B 




Year Year 



FIGURE 4-1 



(A) Industrial production indices for metals and polymeric materials compared with growth in population. 
Data are normalized to 1.0 in 1967. Source : Federal Reserve System. Adapted from W. D. Compton, 
Materials Technology , Spring 1981. (B) Approximate annual value of advanced ceramics in billions of 
dollars. In the mid- 1 990s, the total market for glass plus ceramic products roughly estimated to be 30 
billion dollars. Source: F. H. Norton, Elements of Ceramics, 1st and 2nd eds., Addison-Wesley, Cambridge 
(1952, 1974), and American Ceramic Society. 
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tiles, whiteware, and kitchen as well as toilet fixtures. But, in addition, there 
are exciting new high-tech uses for so-called new or advanced ceramics in 
assorted mechanical, electronic, magnetic, and optical applications. As Fig. 
4-1B shows, markets for these high added value materials (discussed in Section 
4.6.2) are growing rapidly; in contrast, traditional ceramics industries are 
expanding more slowly. Although a $10 billion advanced ceramics industry 
in a decade is impressive, it is still only a very small percentage of the total 
metal and polymer markets. 

As structural considerations are prerequisite to understanding properties, 
the structure half of “structure-property” relationships is emphasized in this 
chapter. 

Both ceramics and polymers are clearly distinct from metals and from one 
another. Treating these materials together in this as well as several subsequent 
chapters sharply emphasizes their different as well shared properties. Neverthe- 
less, organization into separate sections also ensures that the individual attri- 
butes of each class of material are preserved and emerge undiminished. 



4.2. INTRODUCTION TO POLYMERS 

The origin of synthetic polymers can be traced to the American Wild West, 
of all places. In the mid-19th century, towns in Colorado attracted a motley 
crowd of adventurers, gamblers, saloon ladies, and other characters intent on 
acquiring wealth easily and quickly. In an effort to provide saloon patrons 
with enough billiard balls, John Hyatt sought a substitute for the scarce and 
expensive ivory spheres that had been used until that time. His early efforts 
resulted in balls consisting of a core of ivory dust bonded with shellac and an 
exterior coating of the somewhat unstable collodion. The latter frequently 
exploded when the balls collided, prompting every gunman in the saloon to 
instinctively draw his six-shooter. In 1868 Hyatt successfully adapted a material 
developed some 14 years earlier by Alexander Parkes in England, It consisted 
of a mixture of cellulose nitrate and camphor. This first synthetic plastic known 
as celluloid was widely used until recently in making toys, particularly dolls. 
Its dangerous flammability spawned substitutes, and when Baekeland patented 
the process for making Bakelite in 1907 the Age of Plastics formally arrived/' 5 ' 
It only required an additional 80 years or so until the total volume of synthetic 
polymer products manufactured in the world exceeded that of metals produced. 

A polymer is a very large molecule containing hundreds to many thousands 
of small molecular units or mers linked together into either chainlike or network 
structures. Although our concern here is with synthetic organic polymers, the 
definition is broad enough to include inorganic polymers based on silicon. The 
word synthetic is important because polymers are contained within natural 



* R, A. Higgins, The Properties of Engineering Materials , R. E. Krieger, Huntington, NY (1977). 
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animal (wool, leather), insect (silk), and vegetable (wood, cotton) products. 
Cellulose and lignin are natural polymers found in vast quantities in wood. 
Some natural polymers are so well designed by nature that they have not yet 
been replaced by the synthetic variety. Polymer macromolecules are different 
from the other molecules studied in chemistry in at least two ways: 

1. The mer building blocks each contain several atoms so that very large 
molecular weights (e.g., thousands to millions of grams per mole) are 
involved. 

2. Individual polymer molecules do not all have a well-defined molecular 
weight. For example, in chainlike molecules there may be a factor of 
10 or more difference in length and molecular weight between the 
shortest and longest macromolecules. 

Of the polymer materials used in engineering practice plastics are, by far, 
produced in greatest amount and account for some 90% of U.S. tonnage. It is 
common to subdivide plastics into two main categories: thermoplastics and 
thermosets. Thermoplastics melt on heating and are processed in this state by 
a variety of extrusion and molding processes. Polyethylene, polyvinyl chloride, 
polypropylene, and polystyrene, in that order, are the four most widely pro- 
duced thermoplastics. Thermosets (or resins) include phenolic resins, epoxies, 
unsaturated polyesters, and polyurethanes — substances that cannot be melted 
and remelted like thermoplastics, but irreversibly set instead. Thermoplastic 
production is approximately six times that of thermosets in tonnage and value. 

Rubbers or elastomers form another group of polymeric materials. The 
natural rubber industry based on latex predated the introduction of plastics 
and originated before it was recognized that rubbers were polymeric materials. 
In addition to natural rubber, important synthetic elastomers include polybuta- 
diene, styrene-butadiene, polyisoprene, and silicone rubber. 

Appreciable added value is associated with polymers as they are derived 
primarily from petroleum. A ton of polyethylene currently costs about 1200 
dollars, some ten times that of crude oil. Energy costs in polymer production 
are more than for steel, less than for aluminum, and comparable to those for 
many commodities. In use for only a century polymers will be with us for a 
very long time, especially because many of their raw materials can be syntheti- 
cally derived from renewable resources. 

Although the properties of specific classes of polymers differ widely, they 
are all composed of long molecules that have a spine or backbone of covalently 
bonded carbon atoms. Hydrogen atoms and hydrocarbon groups are typically 
distributed along and around the spine. Individual molecular strands are then 
held together laterally by weak van der Waals secondary bonds, as in thermo- 
plastics, or by stronger covalent bonds that crosslink them together, as in 
thermosets. Weak polymer bonds decompose at a point not much above room 
temperature. That is why thermoplastics can be readily melted and formed at 
low temperatures. It is also the reason why these materials tend to be mechani- 
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cally unstable and deform or stretch with time at relatively low temperatures. 
In these respects polymers broadly differ from metals and ceramics. 



4.3. POLYMER CHEMISTRY AND STRUCTURE 
4.3.1. Thermoplastics 

4.3. 1. 1 . Addition and Condensation Polymerization Reactions 

Discussion of some aspects of the organic chemistry of hydrocarbons is 
necessary to understand both the reactions to form polymers and the resulting 
molecular structures. Consider the monomer molecule of ethylene C 2 H 4 shown 
in Fig. 4-2A. A gaseous product of petroleum cracking, ethylene contains strong 
covalent intramolecular bonds between the C=C and C — H atom pairs. The 
unsaturated double bond between carbon atoms (that contains a total of four 
shared electrons) is particularly important in polymer formation. Ethylene can 
be activated by an oxidizing initiator (e.g., OH-), derived from hydrogen 
peroxide (H 2 0 2 ), which attaches to one end of the ethylene molecule, altering 
its electronic structure by leaving a single inner saturated bond (two electrons) 
between C atoms. At the other end an energetic half-bond (one electron) dangles 
outward poised to capture another electron. Individual 

H H 

HO— C — C- 
H H 

entities are unstable and quickly attach to another ethylene monomer, once 
again shifting the unpaired electron to the end of the now larger molecule. 
With suitable catalysts and appropriate reactor temperatures and pressures, 
these active units continue to link to one another, propagating a chain of many 
prior monomers — reduced to mer units — within a gigantic linear polymer 
molecule. Chain reaction polymerization is ended when another -OH radical 
terminates the chain. The overall reaction, exclusive of the chain ends, can be 
written as 



H H H H 

» C = C * { — C — C — }„, (4-1) 

H H H H 

where the quantity in braces is the mer unit. A dense, intertwined collection 
of long molecular chains constitutes the bulk polymer. 

We have just synthesized polyethylene (PE), the most widely produced ther- 
moplastic, by an addition or chain reaction polymerization mechanism. A low- 
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FIGURE 4-2 
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(A) Steps in the polymerization of polyethylene. (B) A portion of the long-chain polyethylene molecule 
showing the angular geometry. 



density form is used to make trash can liners, whereas containers are fabricated 
from a high-density form. The reason the reaction proceeds is due to a reduction 
in overall energy. For example, Table 2-1 reveals that C=C and C — C bonds 
have respective dissociation energies of 620 kj/mol (6.42 eV/bond) and 340 
kj/mol (3.52 eV/bond). For every involved molecule one of the former bonds 
is replaced by two of the latter bonds. The overall dissociation energy difference 
for the chemical reaction per molecule is 2 (340) — 620 = 60 kj (0.62 eV). 
As it takes more energy to dissociate the two C — C bonds than the one C=C 
bond, the products have lower energy than the reactants. Energy is reduced 
during polymerization and the difference is released as heat. 

In forming the polyethylene macromolecule the number of mers that join 
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together depends on the degree of polymerization (DP). If the average molecular 
weight M pe of polyethylene were known, DP could be readily calculated. For 
example, the C 2 H 4 mer has a mass of 28.04 g/mol, so that if M PE = 100,000 
g/mol, then DP = 100,000/28.04 = 3566. Commercial polymers have DP 
values of ~10 3 to 104 

The chemistry of polymerization of ethylene can be repeated in other mole- 
cules having the generic formula C 2 H 3 R, where R is an atomic (e.g., H, Cl) or 
molecular (e.g., CH 3 , C 6 H 5 ) species that readily forms a single covalent bond 
with carbon. When polymerized the very important class of thermoplastic 
polymers known as polyvinyls is formed. Structures of the major polyvinyl 
and other thermoplastic polymers are listed in Table 4-1 together with some 
properties and uses. 

Condensation or step polymerization is another important type of reaction 
that can lead to formation of thermoplastics. The important polymer nylon is 
produced this way via the following chemical reaction. 

H 2 N— (CH 2 ) 6 — N-^H + HO^C— (CH 2 ) 4 — C— OH > 

H 0 O 



H 2 N — (CH 2 ) 6 — N — C — (CH 2 ) 4 — C — OH 4 H 2 0 (4-2) 

HO O 



hexamethylenediamine 4 adipic acid > 

nylon (monoamide) 4 water 



Here two different organic molecules combine to form a molecule of interest 
through elimination of water (H 4 HO). Once formed, each nylon molecule 
still has reactive groups at each end like those of the original precursors, and 
they can undergo repeated reactions to extend the polymer chain. Note that 
no initiators are required as in addition polymerization; rather, condensation 
monomers are intrinsically reactive and each molecule has an equal probability 
of reacting. 

Similarly, when organic acids with terminal 

— c=o 

OH 



groups react with alcohols containing — OH groups, the organic ester 

— C=0 

o— 

linkage binds the original molecule remnants, and water is rejected. (Note 
the analogy to the reaction between inorganic acids and bases.) In this way 
commercially important thermoplastic polyesters like polyethylene terephthal- 
ate (PET), polybutylene terephthalate (PBT), Dacron, and Mylar are produced. 




TABLE 4-1 



COMPOSITION AND USES OF THERMOPLASTICS 



Thermoplastic 


Composition of repeating unit T G (K) 


Uses 


Polyethylene (PE) (partly 


H 


270 


Tubing, film, sheet, bottles, 


crystalline) 


1 




packaging, cups, electrical 




— C — 

i 

H 




insulation 


Polyvinyl chloride (PVC) 


H H 


350 


Window frames, plumbing piping, 


(amorphous) 


— C — C— 

A £i 

H H 




phonograph records, flooring, 
fabrics, hoses 


Polypropylene (PP) (partly 


253 


Same uses as PE, but lighter, stiffer, 


crystalline) 


1 1 

— C— C — 




more resistant to sunlight 




H (^Hj 






Polystyrene (PS) (amorphous) 


H H 


370 


Inexpensive molded objects, foamed 




1 ! 




with CO z to make insulating 




— c — c — 

1 I 




containers, toughened with 
butadiene to make high-impact 




H P 




polystyrene (HIPS), packaging 


Poiytetrafluoroethylene Teflon 


F 




High-temperature polymer with very 


(PTFE) (amorphous) 


1 




low friction and adhesion 








characteristics, nonstick 
cookware, bearings, seals 


Polymethylmethacrylate 


H CH 3 


378 


Transparent sheet, aircraft windows, 


Lucite (PMMA) 
(amorphous) 


1 1 

— c— c— 
1 1 




windscreens 




H COOCH 3 






Thermoplastic polyesters 
Examples: polyethylene 


H H 


O O 


Fiber, films 


terephthalate (PET), Mylar, 
Dacron 


1 1 

— 0 — c— c— 0 
1 1 




— 




H H 






Nylon (partly crystalline 


See Eq. 4-2 


340 


Textiles, rope, gears, machine parts 


when drawn) 









NOtC: 6 = benzene n-g YY 
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4.3. 1.2. Molecular Weights 

Previously it was mentioned that molecular weights in polymers are not 
fixed; rather measurement reveals that few polymer chains are either very short 
or very long; rather molecular sizes are statistically distributed, as we shall 
see, depending on the degree of polymerization. Two popular ways of defining 
the average molecular weight have evolved. The first is a number average 
relative molecular weight M n defined as 

M n = 2 f,M h 1, (4-3) 

where f i represents the fraction of all molecular chains that have a molecular 
weight M r Thus, fraction f x has molecular weight M l5 fraction f 2 > molecular 
weight M 2 , and so on. The second is the weight average relative molecular 
weight M w defined as 

M w = 2 w,M„ 1, (4-4) 

where w t represents the fractional weight of polymer chains. Thus, a fraction 
of the total polymer weight, w l has molecular weight Mj , weight fraction w 2 
has molecular weight M 2 , and so on. The ratio M w /M n is referred to as the 
heterogeneity or polydispersity index (PDI) and it always has a value greater 
than one. Polymer compositions with PDI values considerably larger than unity 
have large numbers of small molecules that adversely affect thermal stability. 




The number and weight fractions of molecular weights in the indicated 
range for a batch of polyethylene arc tabulated below and plotted in Figs. 
4*3 A and B. Calculate: (a) the number average molecular weight, (b) the weight 
average molecular weight, and (c) the degree of polymerization. 



ANSWER The indicated products and sums defined in Eqs. 4-3 and 4-4 are 
carried out and entered in the table. 



M Range 




fi 


"t 




WiM 


0-5,000 


2,500 


0.0 1 


0.00 


25 


0 


3,000- 10,000 


7,500 


0,02 


0.01 


150 


75 


10,000-15,000 


12,500 


0.06 


0.03 


750 


375 


15,000—20,000 


17,500 


0.0 


0,09 


2*275 


1,575 


20,000—25,000 


22,500 


0.21 


0.18 


4,725 


4,050 


25,(10(1- iu.OOO 


27,500 


0.27 


0,28 


7,425 


7,700 


30,000-35,000 


32,500 


0.23 


0.26 


7,475 


8,450 


35,000-40,000 


37,500 


0.07 


0.15 


2.625 


5,625 






I - J.00 


1 = 1.00 


2 = 25,450 


2 - 27,850 
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FIGURE 4-3 



A 



B 




Distribution of polymer molecular weights: (A) Number fraction. (B) Weight fraction. 



a. M n = 25,850 g/mol. 

b. M w - 27,850 g/mol. 

c. The degree of polymerization DP = M n /28.04 or 25,450/28.04 = 908 
mers/mol. 

Average polymer molecular weights are very influential in affecting many 
polymer properties (Fig. 4-4) including softening temperature and strength. 
Low-molecular-weight chains form relatively few intermolecular bonds and 
slide apart too easily. Therefore, they soften at low temperatures and have 
low cohesiveness or strength. Higher values of molecular weight impart more 
desirable properties but molding the polymers becomes more difficult. 

4.3. 1.3. Linear Chain Geometry and Motion 

The chain length, an important characteristic of linear polymers, is, like 
molecular weights, also statistically distributed. A polyethylene molecule with 
1000 carbon atoms has about the same length-to-thickness ratio as a piece of 
string that is a couple of meters long. The C — C spacing has been accurately 
determined to be 0. 154 nm but the chain is not linear. Instead it zigzags as shown 
in Fig. 4-2B with a 109.5° angle between neighboring C atoms. Therefore, in 
the above example the actual length of a 907-mer chain of polyethylene is 
(907) (0.154) sin(109.5/2) = 114 nm, or 0.114 /*m. 

Polypropylene and other vinyl polymers exhibit other structural features 
that profoundly influence properties. In Fig. 4-5A all of the CH 3 groups are 
attached on the same side of the chain, yielding a so-called isotactic structure. 
The CH 3 groups alternate regularly on either side of the chain in the syndiotactic 
structure of Fig. 4-5B. In contrast, the atactic structure shown in Fig. 4-5C 
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FIGURE 4-4 



FIGURE 4-5 



Degree of polymerization 



0 250 500 750 1000 1250 




ISO 

160 

140 

120 

100 




a 

05 

c 

c 

1 

1 



Effect of the degree of polymerization or molecular weight on the softening temperature and tensile 
strength of polyethylene. A typical weight fraction distribution of molecular weights is shown. (The tensile 
strength is the maximum pulling force per unit area a sample of polyethylene can sustain without breaking.) 




Models of polypropylene polymer chain molecules showing placement of side groups. Large spheres are 
carbon atoms; small spheres are hydrogen atoms. (A) Isotactic. (B) Syndiotactic. (C) Atactic. 










146 



CHAPTER 4 POLYMERS, GLASSES, CERAMICS, AND NONMETALLIC MIXTURES 



has a random arrangement of CH 3 pendant groups. Tacticity or stereoregularity 
defines distinct molecular configurations that cannot be changed by simple 
molecular rotation. The iso- and syndiotactic forms of polypropylene can be 
packed more densely and regularly, giving the bulk polymer a partially crystal- 
line character. Because of the better molecular fit these chains are stiffer and 
more heat resistant than those in amorphous atactic polypropylene. 

Linear chains have considerable motional freedom despite the restriction 
that the C — C spacing and bond angle are fixed. In the liquid phase, a physical 
state important in processing, absorbed thermal energy is reflected in molecular 
translation as a whole, rotation about C — C chain bond links, and vibration 
of individual bonds. Due to continued molecular buffeting, great chain flexibil- 
ity, and weak intermolecular bonding forces, the analogy to a “stirred pot of 
spaghetti” or “can of worms” is apt. The situation in the solid state is not as 
clear. In some polymers the molecules align in a reasonably ordered crystalline- 
like fashion in the sense meant in Chapter 3; other polymer structures are 
amorphous with no long-range crystalline order. In either case vibrational 
motion persists to low temperatures, whereas rotational modes of motion are 
restricted, and large molecular translations are impeded due to now stronger 
intermolecular bonding forces. Lowering the temperature limits the motional 
freedom still further. 

4.3. 1.4. Viscosity 

The totality of internal molecular motions is manifested macroscopically by 
a material property known as viscosity ( 17 ). It is measured in units of Poise (P), 
where 1 P = 0.1 Pa-s. Materials with low viscosity (e.g., in water 77 —10 -4 
Pa-s) offer little resistance to flow or deformation when acted on by external 
forces. More viscous materials (e.g., molasses) flow slowly and when the viscos- 
ity reaches high enough levels (77 ~10 12 Pa-s) the former liquid becomes a rigid 
solid (glass) that is effectively immobile. In Chapter 7 viscous deformation of 
polymers is treated quantitatively, and in Chapter 8 the role of viscosity in 
processing polymers is noted. Importantly, the coefficient of viscosity depends 
strongly on temperature in a complex way. A widely used approximate expres- 
sion for 77 , the Williams-Landel-Ferry equation, is given by 

17.4(T- T c ) 

19 1? ° exp [51.6 + (T- T g )]’ ^ 4 ‘ 5) 

where t ? 0 - 10 12 Pa-s, and T and T G are the polymer and glass transition 
temperatures (in K), respectively. The glass transition temperature, a material 
property that depends on the polymer in question, is defined in Section 4.4.2. 
Clearly, when T = T G , 77 = 10 12 Pa-s. 

Large increases in viscosity can also occur with time during the synthesis 
of vinyl polymers at constant temperature as schematically indicated in Fig. 
4-6. When polymerization nears completion the magnitude of the van der Waals 
forces between adjacent molecules rises greatly. This elevates the viscosity to 
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Nature of molecule 



Change in viscosity 




FIGURE 4-6 



Stages in the polymerization of a vinyl polymer and the relative changes in viscosity they produce. From 
R. A. Higgins, The Properties of Engineering Materials, R. E. Krieger, Huntington, NY (1977). 



the point where the prior liquid cannot be poured; instead, it effectively behaves 
as a solid, 

4.3. 1.5. Copolymers 

When two or more kinds of mers are mixed within a single polymer chain 
then copolymers are produced. Synthesis of copolymers has an obvious analogy 
to alloying in metal systems and similarly yields materials that potentially 
combine the beneficial properties of each component. Copolymer structures 
are schematically depicted in Fig. 4-7 and at least three types — alternating, 
random, and block — can be distinguished. In addition, linear chains can inter- 
act by grafting to one another (Fig. 4-7D). 

Several important copolymers incorporate polystyrene as one of the ingredi- 
ents. Polystyrene by itself is rather inflexible and brittle at room temperature, 
a condition caused largely by the steric hindrance of the benzene rings. But 
when copolymerized with some 3-10% of the stretchy rubber polybutadiene, 
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a high-impact-strength polystyrene (HIPS) results. If butadiene additions can 
improve styrene, what about improving HIPS by further ternary alloying? This 
is what is done in the ABS family of thermoplastics. Acrylonitrile monomer is 
copolymerized with Butadiene and Styrene to yield ABS polymers with im- 
proved properties. Drain and vent piping in buildings and assorted auto and 
appliance parts capitalize on the individual attributes of the components in 
this terpolymer (Fig. 4-7E). Acrylonitrile confers heat and chemical resistance, 
butadiene imparts the ability to withstand impact loading, and styrene provides 
part rigidity and processing or shaping ease. 
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The branching in graft copolymers can also occur in homopolymers. Interest- 
ingly, polymerization processes can be controlled to produce only linear chains 
[e.g., high-density (HD) polyethylene] or branched chains [e.g., low-density 
(LD) polyethylene]. Branching, like atacticity, strongly hinders alignment of 
neighboring chains, inhibiting crystalline ordering. Thus, LDPE is typically 
50% crystalline, whereas HDPE is more crystalline (—80%). As we shall subse- 
quently see, the extent of crystallinity influences the polymer softening tempera- 
ture, a property that in turn affects mechanical properties and processing be- 
havior. 



4.3.2. Thermosets and Elastomers 



Unlike linear thermoplastic chains there are materials, not considered to be 
polymers, that contain extended two- or even three-dimensional networks of 
chemical bonds. For example, graphite and boron nitride are composed of 
regular or ordered, two-dimensional crystalline networks, whereas some dia- 
mond-like materials possess a three-dimensional noncrystalline structure. In 
thermosetting polymers and elastomers, however, the entire network is inter- 
connected through primary bonds in a nonregular (noncrystalline) fashion. 
Distinct molecules do not exist. Two principal types of networks have been 
identified: (1) those in which small molecules link linear chains and (2) those 
in which small molecules (including short polymer chains) react directly to 
produce chain branching. 

Elastomers belong to the first category. Polyisoprene, the hydrocarbon that 
constitutes raw natural rubber, is an example. It contains unsaturated C=C 
bonds, and when vulcanizing rubber, sulfur is added to promote crosslinks. 
Two S atoms are required to fully saturate a pair of — C=C — bonds and 
link a pair of adjacent molecules (mers) as indicated in the reaction 



H CH, H H 

ill 

— c— c=c— c— 

I I 

H H 

+ 2S 

H H 

I I 

— c— c=c— c— 

I I I I 

H CHj H H 



H CH, H H 

I I I I 

c — c — c — c- 



H 



H 



H 



H 



— C— C— C— C— 



H CH 3 H H 



(4-6) 



Without vulcanization, rubber is soft and sticky and flows viscously even 
at room temperature. By crosslinking about 10% of the sites, the rubber attains 
mechanical stability while preserving its flexibility. Hard rubber materials con- 
tain even greater sulfur additions. 
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Exposure to oxygen also promotes a similar crosslinking of polymer mole- 
cules containing double bonds to create 



-C — C — 

A A 



structures* In contrast to beneficial vulcanization with sulfur, oxygen “vulcani- 
zation” of rubber molecules raises a reliability issue. Oxygen crosslinks embrit- 
tle elastomers, causing them to lose some of their elasticity. 

Examples in the second category include the network polymers listed in 
Table 4-2 which are commonly known as thermosets. They are generally formed 
by mixing and reacting two precursors together, for example, a resin and a 
hardener in the case of epoxies. Like certain thermoplastics, a number of 
important thermosets (e.g., phenol-urea and melamine— formaldehyde) un- 
dergo a condensation reaction where H 2 0 is rejected. For example, when 
phenol (C 6 H 5 OH) and formaldehyde (CH 2 0) react, polymerization occurs 
through loss of H from the former and O from the latter as indicated by 
the reaction 



OH 
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2 phenol + 1 formaldehyde = 1 phenol-formaldehyde + H 2 0. (4-7) 

The reaction occurs at random H sites (*), leaving a CH 2 bridging group 
(from the formaldehyde) to link two phenol molecules together at the severed 
bonds. There are typically three or so such bridges per phenol group that 
extend randomly in all directions. The result is an irregular or amorphous 
three-dimensional network of phenol groups welded to one another through 
flexible CH 2 bridges (Fig. 4-8). Because there are two or more functional groups 
per precursor, branched rather than linear structures result. This product, 
commercially known as Bakelite, is still widely used. Similar amorphous net- 
works arise in other thermosets which are used as adhesives, coatings, and 
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TABLE 4-2 



COMPOSITION AND USES OF THERMOSETTING POLYMERS 



Thermoset 



Composition of repeating unit 



Uses 



Phenolics 

Phenol— formaldehyde 
Bakelite (amorphous) 
See Eq. 4-7, Fig. 4-8 

Epoxy (amorphous) 



Polyester (amorphous) 



Melanine— formaldehyde 



-c 6 h 2 -ch 2 - 
— ch 2 



Electrical insulation 



Fiberglass matrix, adhesives 




O O CH 2 OH 

II II I 

— C — (CH 2 ) m — C — O— C — 

I 

ch 2 oh 



on 

o— ch 2 — ch— ch 2 — 



Fiberglass composites; cheaper 
than epoxy 
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H 
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Molded dinnerware, adhesives and 
bonding resins for wood, 
flooring, and furniture (usually 
cellulose-filled) 



and similar units 
randomly connected 
by a variety of links 



matrices for composites, for example, epoxies. On heating, secondary bonds 
in the structure may break or melt, but the overwhelming number of primary 
bonds are resistant to heat. Therefore, thermosets do not melt or flow viscously, 
but rather decompose or char if the temperature is high enough. 

Elastomers or rubbers also have amorphous structures. But unlike thermo- 
sets that form amorphous three-dimensional networks, elastomers are based 
on irregular linear chains that are occasionally crosslinked. When elastomers 
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O Oxygen 



FIGURE 4-8 



Molecular model of the network structure of phenol-formaldehyde or Bakelite. 



© Hydrogen 



are extended the chains tend to straighten and some crystallinity is induced. 
The common rubbers listed in Table 4-3 are based on the structure 

H H 

I I 

{— C— C=C— C— }„ 

H R H H 

where R is an atomic or molecular unit, for example, H, Cl, CH 3 * 




A rubber contains 55% butadiene, 35% isoprene, 6% sulfur, and 4% car- 
bon* What fraction of possible crosslinks is involved in vulcanization? Assume 
one sulfur atom is required to crosslink each mer* 



ANSWER For butadiene (C 4 HJ, 

4 C atoms x 12 g/mol + 6 H atoms x 1 g/mol = 54 g/mer. 
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TABLE 4-3 



COMPOSITION AND USES OF ELASTOMERS (RUBBERS) 



Elastomer 


Composition of repeating unit 


Uses 


Polybutadiene 


H 


H 


Tires, moldings; 




1 

— C- 
1 


1 

-C = C — c — 
1 1 1 


amorphous except 
when stretched 




1 

H 


H H H 




Polyisoprene (natural 


H 


H 


Tires, gaskets; 


rubber) 


1 

— C- 
1 


1 

-C = C — c — 
1 1 1 


amorphous except 
when stretched 




i 

H 


H CH 3 H 




Neoprene 


H 


H 


Oil-resistant rubber used 




1 


1 


for seals 




— C- 


-C=C — c — 

1 1 t 






! 

H 


H Cl H 




Silicone rubber 




CH, CH, 


Thermal and electrical 




— O— 


1 1 
Si— 0— Si— O— 
1 


insulation components 
and coatings, foam 






CH, CH, 


rubber 



For isoprene (C 5 H 8 ), 

5 C atoms x 12 g/mol + 8 H atoms x 1 g/mol = 68 g/mer. 

Atomic weight of sulfur = 32. Therefore, the fraction of crosslinks = (6/32)/ 
(55/54 + 35/68) = 0.122. 



4.4, POLYMER MORPHOLOGY 



4.4.1, Crystalline Growth 

We now consider the chain architecture in bulk polymers at several levels 
of microstructural organization beyond individual molecules. The forms and 
inner structures observed in optical and electron microscopes characterize poly- 
mer morphology. It is the subtle interplay at all of these structural levels that 
determines polymer properties. Polymers conceal their internal morphology 
very effectively but much can be learned by melting a small thermoplastic bead 
between glass slides. Optical observation of the solidified material between 
crossed polarizers reveals the presence of spherulites (Fig. 4-9A). High in the 
structural hierarchy of polymers, spherulites are also observed in crystalline 
minerals, and provide the first clue that some bulk polymers are crystalline. 
The individual small platelike lamellar single crystals of polyethylene in Figs. 
4-9B and C exhibit more convincing evidence of crystallinity. 
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Structure of polyethylene from the macroscopic to the microscopic level. (A) Spherulites of polyethylene. 
(B) Electron microscope image of small single-crystal plates of polyethylene grown from xylene solution. 
From L. C. Sawyer and D. T. Grubb, Polymer Microscopy, Chapman & Hall, London (1987). (C) Electron 
microscope detail of large single-crystal polyethylene plates. Courtesy of A. J. Lovinger, AT&T Bell 
Laboratories. (D) Unit cell of polyethylene. (Not to scale.) 



X-ray diffraction methods have demonstrated that many polymers are crys- 
talline, It is, however, clear that they possess none of the classic structural 
perfection of metal crystals whose atoms and unit cells are predictably and 
beautifully ordered over very long distances. Instead, polymer crystals start 
with good geometric intentions, and ordered unit cells (Fig. 4-9D) can be 
identified within groups of chain molecules arranged in parallel bundles. Long 
strands of molecules then fold like computer paper whose stack width is much 
less than the overall bundle length. With repeated folding and spreading some- 
thing like a shaggy rug composed of polymer is woven over two dimensions as 
depicted in Fig. 4-10A. Through the thickness the ~100-carbon-long crystalline 
segments are well ordered, but where they repeatedly loop over in up and 
down U bends, bundles occasionally tear. This frays the otherwise geometric 
(quasicrystalline) rug pattern, leaving an amorphous tangle of loose molecular 
ends that interfaces with the surrounding melt or solution. 

The shaggy crystalline platelets often organize themselves in spherulites by 
first attaching at some central crystalline nucleus (Fig. 4-10B). These plates 
then extend radially outward, executing complex growth mechanisms and 
patterns that resemble a spherical spark shower at a fireworks display on 
July 4th. Initial ordered stacking of platelets is short-lived, however, because 
amorphous polymer melt gets trapped in between. As the spherulite continues 
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FIGURE 4-10 



(A) Chain-folded polymer single crystal. The continual folding of the linear molecule onto itself creates 
thin carpetlike plates that extend over micrometer-sized domains. The frayed edges are an amorphous 
component of the crystalline structure. (B) Model of spherulite structure. Both planar and twisted 
crystalline plates grow radially outward from the centra! nucleus. 
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FIGURE 4-1 1 



Polymer structures produced under flow conditions: (A) Shish kebab. (B) Fibrillar. 
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to grow the plates splay or fan apart until eventually they butt against other 
spherulites. The resulting grainlike struture is exhibited by a number of thermo- 
plastics (e.g., polyethylene, nylon, polystyrene). Interestingly, spherulitic 
growth in polymers parallels that of graphite flakes in iron castings (see Fig. 

3- 32C). 

Polymers usually crystallize under melt flow conditions rather than under 
the quiescent circumstances that lead to spherulitic growth. In such cases 
elongated crystals align along the flow direction and a fibrous microstructure 
results. The “shish kebab” structure shown in Fig. 4-11 A is typical, where the 
shish is the elongated crystals in the rows, and the kebab, the overgrown 
crystalline plates along the vertical spine. A more extreme alignment of crystals 
occurs if a polymer is pulled or drawn cold (below the melt temperature). The 
stacked lamellae of the spherulites are then forcibly aligned as shown in Fig. 

4- 1 IB into an elongated fibrillar structure. X-ray diffraction patterns then 
typically reveal varying degrees of crystallinity ranging, perhaps, to a maximum 
of 95%. Unavoidable molecular entanglements prevent highly crystallizable 
linear polymers from achieving higher levels of perfection. 

Orienting and extending chain crystals are very desirable from an engineering 
standpoint because both the modulus of elasticity and the strength of polymers 
are enhanced this way. Fiber-reinforced composites, tires, and industrial belts 
are some of the applications for high-modulus fibers. 



4.4.2. Amorphous Growth 

We have already alluded to the fact that polymers assume amorphous forms 
at the molecular level. To place amorphous polymers within the broad context 
that includes the melts from which they as well as other amorphous solids 
(e.g., silica glass, metal glasses) form, it is useful to refer to Fig. 4-12. This 
important representation displays the volume (V) of the polymer in question 
as a function of temperature. The liquid is structurally disordered but as the 
melt is cooled below the melting point (T M ) it does not crystallize the way a 
metal does. Metals usually undergo an abrupt volume decrease at and 
unless cooled in an extraordinarily rapid fashion they solidify as crystalline 
solids (1). (Some metals also expand on solidification; see Section 5.3.3.) Crys- 
talline polymers emulate metals to some extent, but because there is a spread 
in molecular chain lengths the melting point sharpness is blurred (2). 

By increasingly interfering with the stereoregularity of the molecules through 
atacticity, crosslinking, and addition of random copolymer branches, any ten- 
dency to crystallize is totally suppressed. The melting point disappears and 
instead the polymer melt solidifies as an amorphous glass over a range of 
temperatures (3,4). Volume contraction occurs because atomic rearrangements 
allow molecules to pack more efficiently. Higher polymer density (less volume) 
is the result of lower cooling rates because molecules have more time to achieve 
tighter packing. A more or less linear decrease in volume occurs until the 
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FIGURE 4-12 
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Temperature ► 

Volume change as a function of temperature in ( I ) metals, (2) partially crystalline polymers, (3) amorphous 
polymers cooled at low rates, and, (4) amorphous polymers cooled at high rates. 



glass transition temperature (T G ) is reached. Typically, T G = 0.5 to 0.75 
Properties often undergo large property changes in the vicinity of T = T G . 
Above T g the amorphous polymer is rubbery and extends readily; below it 
brittle, glasslike behavior is observed. 

During cooling of the melt the molecules of the polymer are free to translate, 
rotate, extend, bend, twist, and so on, with a freedom proportional to the 
difference in temperature between T and T G . At elevated melt temperatures 
there is a maximum amount of so-called “free-volume” available for molecules 
to execute their motions in. The free volume at any temperature is the difference 
between the volume present for unconstrained molecular motion and that 
occupied by tightly packed motionless molecules. When T G is reached, this 
free volume and the last vestiges of the melt disappear. The molecules, now 
effectively immobilized, solidify as a rigid, solid glass. Below T G there are no 
further atomic rearrangements, and the volume change with temperature re- 
flects the reduced amplitude of thermal vibrations. Molecular chains no longer 
uncoil when loaded; this and the less deformable carbon spine conspire to 
embrittle the glassy polymer. A similar transition between readily stretchable 
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(Polyethylene, 
polypropylene, nylon) 



Crystallization 




(Cured rubber, (Heat-resistant 

thermosetting resins) plastics) (Polyirmdes) 



FIGURE 4-13 



Strengthening polymers by crystallization, crossiinking, and chain stiffening. After H. F. Mark, Scientific 
American 217(3), 149 (1967). 



(ductile) and brittle (nonductile) behavior occurs in some engineering metals 
(including steel, see Section 7.7.2) which, however, are crystalline in both 
states. For this reason, T G is to polymers what the ductile-brittle transition 
temperature is to metals. 

4,4.3. Designing Polymer Structures with Improved Properties 

A fitting summary of this chapter’s introduction to polymer structure is 
found in the triangle of Fig. 4-13. Three basic ways to impart mechanical 
strength and thermal resistance to polymers are represented at the corners: (1) 
crystallization, (2) crosslinking, and (3) chain stiffening. Combinations of two 
or, better yet, three of these strengthening mechanisms have proven effective 
in achieving useful polymer properties. For flexible chain molecules the only 
options for strengthening are crystallization and crosslinking (e.g., rubber). 




